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CHAPTER |

INTRODUCTION

Gas condensate reservoirs exhibit a complex flow behavior when wells are
produced below the dew point pressure due to the existence of a two-fluid system,
reservoir gas and liquid condensate. The formation of this liquid condensate can lead
to a severe loss of well productivity and therefore, lower gas recovery. Different
mobility zones develop around the wellboreCarresponding respectively to the decline
in reservoir pressure.

Wireline formation testing (WET) is an alternative technique to obtain cost
effective information fromethe reservoir such as formation pressure, fluid gradient,
formation fluid samples,~fluid contact, and an. estimation of near wellbore
permeability without diStugbing reservoif pressure. It has been deployed to collect
formation fluid samples and to measure fOrrﬁation pressure at discrete depths along a
wellbore. WFT data typically yield estimates' of fluid mobility and initial reservoir
pressure. Pressure transient anatysis of WFT data yields much more additional
information, including estimates of sphervicail": permeability, vertical to horizontal
permeability ratio, formation skin factor, and the radius of investigation of the WFT
test. However, it has net-been-reported-that-the-pressure derivative in WFT is used to
detect condensate drop-out around wellbore. This is due to the fact that there is not
enough understanding on PTA in WFT especially in gas condensate reservoir.

The objective of thiscthesis is/to=study the-effect«0f condensate bank on
pressure transient data” and the “applicability "of " wireline formation test in gas
condensate, reservoir whether it can detect the.increasing, size of condensate bank. A
reservoir simulator’is used ‘totdetermine pressuretresponses from wireline formation
tests for single layer homogeneous gas-condensate reservoir. Pressure Transient
Analysis (PTA) is used to estimate the reservoir parameters such as permeability and
skin factor. Then, we compare the interpretation with the actual value used in the

simulation.



1.1 Outline of Methodology

10.

11.

12.

Gather and prepare data for simulation model.

Use reservoir simulator to simulate pressure responses from single probe wireline
formation test in a single layer reservoir using lean gas condensate when the
flowing pressure is above the dew point pressure to confirm numerical solution
with the analytical solution.

Investigate phase behavior changes and.inierpret pressure responses obtained from
step 2 to estimate reservoir parameters usingwell test interpretation software.
Simulate pressure respenses from single probe wireline formation test in a single
layer reservoir using-lean.0as condensate when the flowing pressure is below the
dew point pressure 0 observed pressﬁre behavior.

Investigate phase behavior changes an;d‘"'interpret pressure responses obtained from
step 4 to estimate reservoir parameters using well test interpretation software.
Simulate pressure respanses from singig, probe wireline formation test in a single
layer reservoir using lean gas condensates with different drawdown rates.

Interpret pressure responses obtained frdm‘étep 6 to estimate reservoir parameters
using well test interpretation software, =

Simulate pressure_responses from single probe wireline formation test in a single
layer reservoir uSing two rich gas condensates.

Interpret pressure fesponses obtained from step 8 to-estimate reservoir parameters
using well test interpretation software.

Simulate pressure responses from single probe wireline farmation test in a single
layer reservoir using lean gas: condensate .with different ;probe sizes, probe
positions, test durations, initial reservair pressures, permeability anisotropies and
horizontal permeabilities.

Interpret pressure responses obtained from step 8 to estimate reservoir parameters
using well test interpretation software.

Compare results obtained from simulated model with input value to justify
whether the results from wireline formation test model provide satisfying

information.



1.2 Thesis Outline

This thesis paper consists of six chapters and the outlines of each chapter are

listed below.

Chapter Il reviews previous works related to well test in gas condensate

reservoir and wireline formation test (WFT).

Chapter Il introduces the oncept related to this study.
Chapter IV shows simt sed in the simulation.
Chapter V presents the study results froim lations and interpretations.

Chapter VI provi i (he study and recommendations for the

further study.

\"l
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CHAPTER II

LITERATURE REVIEW

This chapter reviews previous works that are related to well test in gas

condensate reservoirs and wireline formation test (WFT) studies.
2.1 Well Test in Gas Condensate Reservoirs

Gas condensate is often found as single-phase gas in the reservoir. As the fluid
is produced, the pressure~decreases from the reservoir to the wells, leading to
condensation of liquid out of'the gas. Due to lower permeability to liquid, a high
liquid-to-gas viscosity ratio and‘lower condensate saturation than the critical value,
most of the condensed ligtiid in the, reservoir 1S unrecoverable and constitutes the
“condensate loss”. w !

Muskat™ observed the condensate .bll;oé'kage problem in gas cycling operation.
He discussed that condensate buiids up in"riﬁg,l_,vicinity of the wellbore and starts to
flow when its saturation reaches a ¢ritical yalué. After that, many studies showed the
loss of well deliverability due to gas condensate blockage®!

Knaizeff and Naville™ suggested that three radial zones appear with different
liquid saturations when the liquid condensate saturation reaches a critical value.
Away from the well, an outer region, where the pressure is still above the dew point
pressure, contains gas with the initial liquid saturation; next, there is an intermediate
region with a rapid increase in liquid saturation and a corresponding decrease in gas
relative permedbility. . Kiquid<in that régionfis immobile.cCleserio the well, a region
forms where the liquid saturation reaches a critical value, and the fluid travels as a
two-phase fluid. A large number of studies confirm that when the bottomhole pressure
drops below the dew-point pressure, the reservoir and near wellbore region can be
divided into three radial zones with different liquid saturations discussed abovel® ™,

As the reservoir pressure declines, the composition of the system changes due
to the lack of mobility of the condensate liquid phase. The lighter components such as
methane, ethane and propane decreases, while the heavy components increases!™.
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Novosad™ discussed that the changes in fluid composition is a result of changes in
fluid transported from the reservoir interior, a broad spectrum of fluid types exist at
different points in time and space.

Roussennac!*!

illustrated the compositional change during the depletion in his
numerical simulation. He observed that during the drawdown period, the overall
mixture close to the well becomes richer in heavy components as the liquid builds up
in the well grid cell, and the fluid behavior changes from the initial gas condensate to
a volatile oil behavior.

Wheaton and Zhang[m simulated simple'methane-pentane binary systems and
attempted to show how the compesitions of heavy components of a gas condensate
change with time around_production wells during depletion. They concluded that an
increase in the total molar concentration of heavy components around the well will
occur once the flowing bottomhgle pressure falls below the dew point. The rate of the
change in heavy compongnt €omposition is higher for rich gas than for lean gas
condensate for the same‘resgrvoir system. \‘ !

Bengherbia and Tiab™! also dem.;or"\'strated in their study that both the
production history and the simulation ﬁréqi_,ction show an increase in lighter
components in the flowing phase @nce the ‘p‘,res-‘s_ure drops below the dew point, but it
is still not clear how the compositions vair.y‘ with time and space and how the
composition change affects the gas production and the condensate recovery.

Economides et al.*! stated that there may also exist a fourth region in the
immediate vicinity of the'well where low interfacial tensions (IFT) at high rates yield
a decrease of the liquid-saturation and an increase of the gas relative permeability.

Danesh &t al.l*® were first to, report the improvement of relative permeability
of condensifig Systems:due 10 an, increase inwvelocity as/well-as that caused by a
reduction in interfacial tension as velocity increases, known as the coupling effect.

Gringarten et al.™® found the first well test evidence in the literature of the
existence of the velocity stripping zone. The authors concluded that when capillary
number effects are important, the pressure derivative should exhibit three stabilization
periods.

Daungkaew and Gringaten™” concluded that this zone could not be identified

in all well test data due to several reasons: (1) maximum condensate saturation near
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the wellbore was not significantly enough; (2) wellbore storage effects at early times
hided the increased gas mobility zone; (3) the duration of the test was not long
enough; (4) the quality of pressure data was not good enough; and (5) phase
redistribution effects occured in the wellbore.

Gringarten et al 18l compared theoretical well test behaviors in vertical and
horizontal wells as obtained from compositional simulation with actual behaviors
selected from more than twenty different gas condensate reservoirs using time-lapse
analyses, deconvolution and different analytical and numerical tools to identify the
probable causes of the pressure data behavior.«It was shown that, in addition to the
usual well test analysis resulis; it is possible to obtain parameters required for
reservoir simulation and«Well productivity forecasting, such as gas relative
permeabilities at the end.point, eritical condensate saturation, and the base capillary
number.

Aluko and Gringarten™? investigated well test behavior of rich gas condensate
reservoirs below the dew point. The authors suggested that near-wellbore fluid
saturation below the dew point pressure in_d bﬁild up is different from that at the end
of the preceding drawdown because of sigh’if‘iqgnt differences in fluid properties and

saturation distributions. The corresponding pressure derivatives are different.
2.2  Wireline'ormation Test (WFT)

Wireline Formation=Fest (WFT) is used to obtain formation pressure along the
borehole to examine fluid gradient, farmation fluid sampling and estimate reservoir
permeability which is a key parameter during exploration andsdevelopment field.
Severabanalytical selutions, interpretation technigues of WFT and the application of
WEFT forisome situations have been presented in the literatures.

Doll® first considered the estimation of permeability and permeability
anisotropy from pressure transient analysis in formation test. After that, Moran and
Flinklea!® presented a theoretical analysis of pressure data from wireline formation
test. They recognized the difference in flow geometry between formation testers and
conventional drill-stem tests. This leads to a completely different equation for the

analysis of the pressure response. Therefore, the interpretation needs to be modified.
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Assuming single phase flow and permeable beds of finite thickness homogeneous
medium, they showed that the early time fluid flow regimes enforced with a probe
type formation tester are spherical in nature while the late time regimes are best
described by cylindrical flow. Even though their work did not consider the effects of
skin and tool storage, they did consider the effect of permeability anisotropy on the
measurements. They also developed the general equation for spherical flow in
addition to van Everdingen and Hurst’s equation for linear flow and Horner’s
equation'? for radial flow. There was also a discussion on the depth of investigation
which was shown to be large eemparing to-thessize of spherical sink and also a case
involving permeability anisotropy-

Culham®! extended*thework of Moran and Flinklea®™! by showing that the
assumption of spherical flow.is not only valid for a single perforation but also valid
for the conventional wegllbore: geometry” or any limited entry perforation. This
equation is valid for“both™ conventional well test and wireline formation test. In
addition, equations fogr calculating-formation permeability and skin factors were
presented. The author also derived the radi.Ué"of Investigation equation for spherical
flow problem. =

Stewart and Wittmann*" estimated p_efr_neability from the Repeat Formation
Tester (RFT) pretest, pressure response. They extended the work of Moran and
Finklea®™ which studied on the Formation Interval Tester (FIT). The authors derived
analytical solutions for spherical flow in both an infinite medium system and the case
of a reservoir layer bounded above and below by impermeable barriers and also
studied the effect of formation anisotropy and the depth of investigation. In addition,
they also discussed the upper limit of measurable permeability from buildup by
presenting‘thie relationship between [the maximumidetectable permeability and gauge
resolution for different fluid properties.

Dussan and Sharmal® illustrated an analysis solution to estimate the
horizontal and vertical permeability near the probe by using pressure response
obtained from single probe formation tester during drawdown and buildup test. The
authors applied Darcy’s equation to be an analysis solution with the assumption that

the formation is homogeneous and anisotropic. As a result, it has been shown that the
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accuracy of the prediction of the horizontal permeability is better than that of vertical
permeability.

Goode and Thambynayagam!?® discussed the advantages of a formation tester
with three probes over single probe tester. Three probes formation tester consists of
one sink probe and two observation probes. The sink probe generates a pressure pulse
by withdrawing fluid from the formation while the resulting pressure response is
measured at the sink probe and at each of two observation probes. The authors
presented an analytical equation to model the teol response in both vertically bounded
and unbounded reservoirs to interpret pressurestransients measured by a multiprobe
formation tester. It was demonstrated that a multiprobe formation tester can provide
data to determine the herizontal and vertical permeabilities and the formation
storativity.

Kuchuk et al.*" described basic  features of the packer module and the
observation probe tool'Ccombination of the multi-probe wireline formation tester. They
presented an analytical solution for the formation behavior with the packer and probe
geometry using a modified dimensioniess .'fu‘hction and provided estimation of the
formation parameters. =

Proett et al.®® introduced a technique_tb_ estimate compressibility of the fluid
in the flow line, pressure, and permeability in ﬁght reservoir, Since wireline formation
tester draws fluid i a short period of time and small volume, the data may be
distorted by flow line storage effect when the test is conducted in a tight zone. They
introduced a special plotita.interpret real time data obtained during initial drawdown
and buildup.

Frimanri*Dahl et al.’”®! applied advanced well test analysis technique to
wireling formation: test: data:~However,| the: case they presentedused a large probe
area, and the pressure transient response observed was therefore similar to typical
response encountered during conventional well testing. Advanced pressure transient
analysis has been applied to wireline formation test data acquired with dual probe,
multiprobe, and dual or "straddle packer" configurations.

Whittle et al.”? discussed key issues with examples using a single probe
wireline formation test dataset. The authors revealed that a well test can be replaced
by a wireline formation test if the objectives of the well test can be met by the
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wireline formation test. In lower permeability reservoirs (mobilities less than about
100 mD/cp), the quality of data recorded by wireline formation test tools is suitable
for pressure transient interpretation.

Daungkaew et al.®! illustrated the information that can be obtained from
pressure transient analysis of wireline formation test data using an advanced well test
analysis technique. The authors discovered that the detailed observation of pressure
transient response can provide additional, understanding of reservoir even though the
radius of investigation of the WET is very small, i.e., to monitor the pump-out data in
gas reservoir, to indicate an increasing fluid_mobility away from the probe, and to
confirm oil water contact. In addition, the wireline formation tests can then be used to

identify valid tests or quality control.



CHAPTER 111

THEORY AND CONCEPT

This chapter presents the fundamental of well test interpretation, wireline

formation test and gas condensate reservoirs.

3.1 Basic Well Test Interpretation

Well test is used.tes-moniter the response of the well and reservoir to changing
production or injection.eonditions. During a well test, a transient pressure response is
created by a temporagy change Jin prdduction rate. The well response is usually
monitored during a relatively short pe[i,"c"')d of time compared to the life of the
reservoir, depending upon'the test-objectives. For well evaluation, tests are frequently
achieved in less than two days. In the case b___f reservoir limit testing, several months of
pressure data may be needed. Well testsare conducted at all stages in the life of a
reservoir: exploration, development, produc'tioh_".-and Injection. At each of these stages,
tests are performed with set objectives, using specific hardware and design options.
Well test responses ¢haracterize the ability of the fluid to-flow through the reservoir
and to the well. Tests'provide a description of the reservoir in dynamic conditions, as
opposed to geological-and log data. As the investigated-reservoir volume is relatively
large, the estimated parameters are average valuest.

Well test analysis is@an inverse problem as'shown in Figure 3.1. The reservoir
properties can be inferred by the response since the response is the characteristic of
the reservair properties. Well test analysis is sometime called pressure transient
analysis (PTA) since the measured reservoir response is pressure. The pressure
transient is due to changes in production or injection of fluids, hence we treat the flow
rate transient as input and the pressure transient as output. The pressure response is
analyzed to provide the model(s) whose behavior is identical to the behavior of the

actual reservoir.
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Input Output
—p  Reservoir Mechanism
Perturbation Response

Madel Input Madel Output

— ffathematical Mode| — (f—

Figure 3.1 Inverse problem®?!,
|

There are several iypes of iests such as drawdown test, build up test, injection
test, falloff test, interferenee test, and driﬂ stem test (DST). The type of test depends
on the test objectives oppragtical Iimitatio#‘ns

Drawdown and build-up test sequence is used in most cases and also in this
work as shown in Figure 3.2. The flow rate |s usually measured at surface while the
pressure is recorded down- hole Before openmg, the initial pressure p; is constant and
uniform in the reservoir. The drawdown pressure response Appg 1S recorded during
flow time. When the WeII is shut-in, the build-up pressure change 4pgy is estimated
from the last flowing pressure p(A7=0). Then pressure response is analyzed versus the
elapsed time A¢ since thesstart of the period (time of opening or shut-in).

Analysis of drawdown test may be difficultto achieve in practice because it is
difficult to control the flow rate to be constant. However, it is a good method to test
reserveir limitsinca the ‘time-required té obsServe a boundary ¢asponse is long and
operating fluctuations in flow rate become less significant over such long times.

Build-up test may be easier to analyze since the buildup flow rate is constant
as zero. However, it may be difficult to control flow rate before the shut-in and may

lose production during shut-in.
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Pressure, p

Rate, q

drawdown build-up

Time, t

Figure 3.2#Drawdown and build-up test sequence’™.

3.1.1 Transient Flow Equation

Fluid flow in porous nmiedia. is goye"r'ned by the diffusivity equation. The

diffusivity equation can be derived by cor?jﬁiang the law of conservation of mass,

Darcy’s law and an equation of state as exﬁreésed in Eg. 3.1. It is one of the most

important equations “in petroleum engineerihg._ The equation is particularly used in

analysis well testing data where the time t 1S commonly récorded in hours.

2. ‘D#Cta_P
V'p = k .t (3.1)
For radial flow,
a%p  10p _ Quc, dp
ar | ror  0.000264k ot (3-2)

where k =

Ct =

permeability, mD
radial position, ft
pressure, psia

total compressibility, psi™
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t = time, hrs

porosity, fraction

ASY
Il

VI = viscosity, cp
3.1.2 The Derivative Plot

In traditional well test analysis, different plots are used for different purposes,
and most analysis will require the consideration of several plots. Modern analysis
started since Bourdet et al#! developed the-pressure derivative analysis method to

characterize the flow regimes in.1983. The derivative plot is a plot of log(Ap) versus
log(At) and log (At Z—’Z) versus1og(At). Tt|1e advantage of the derivative plot is that it is

able to display in a single.graph many separate characteristics that would otherwise
require different plots, P 4

Figure 3.3 shows an examﬂvple of%glékivative plot. Each plot consists of two
curves presented as log-lag graphs. The 'fo‘p'-'curve represents the pressure changes
associated with an abrupt productiovn rate ﬁé?mrbation, and the bottom curve indicates
the rate of pressure change with r"espect teﬁlFﬁe derivative curve. Its sensitivity to
transient features resulting from weli and :rES'éf\'/Oir geometries makes the derivative
curve the single moSt-effective interpretation tool-However, it is always viewed
together with the preSSure change curve to quantify 'skin effects that are not

recognized in the derivative response alone.
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Figure 3.3 Examéle of derivative plot.
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3.2 Wireline Formation Test 4

o 1

Wireline formation tests (WFT) are';{pcie”:'f‘formed mostly in open hole using a
cable-operated formation tester and sampfi‘i‘h"g*'tool to ol_btain information from the
reservoir. This measufemen%e&n—previd&#ermaﬁe&preséu(és along the borehole and
also fluid sampling.' Pressure transient data are collected and can be analyzed using
Pressure Transient Analysis (PTA) technique to estimate the reservoir parameters.
These tools are! nonmally~run rasy partof-the jopen~hole, legging suite. They are
conveyed on large ‘heptacables and-consist of precision engineered electro-hydraulic
tools capable of performing a variety of taskS: The WFT data_ typically yields
estimation of fluidimobility andinitial~reservoir pressure.. Pressure transient analysis
of WFT data uses the same principal as advanced well test analysis and, in many
cases, yields more additional information, including estimates of spherical

permeability and vertical to horizontal permeability ratio.
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3.2.1 Wireline Formation Test Procedure

When WFT tool reaches a target interval, the probe is set in the wellbore. The
pretest is then performed by conducting a short drawdown followed by a build-up.
The fluid is drawn until the pressure drops below the formation pressure, and then
pump-out module was stopped to let the pressure build-up and stabilize at the
formation pressure. The main objective of the pretest is to obtain the initial formation
pressure.

Figure 3.4 shows a pressure versus time plotof a typical pretest. In a standard
pretest, between 5 to 20 cmi; typicalry 10 em’, of fluid are withdrawn from the
formation through the_probg«into the pretest chamber. This creates a pressure

disturbance and a localized flovwaround Iihe probe.

a
v

Pwey| & &4 -
1 2

I

Time

Tool is stopped at desired pressure test depth. \

_rﬂnﬂressure gauges read hydrostatic mud prvassuﬂré.;(

Tool is set, flowline pressure may rise due to packer compression.
Pretest is started.

Tool flowline expands during initial drawdown.

Steady state reached below formation pressure.

Pretest piston stops drawdown, buildap begins.

Buildup time varies with formation fluid mobility.

Pressure stabilizes at formation pressures

.-
W o~ ot B W e =

Tool is retracted.

-
—

Pressurg gauges return to hydrostatic mud pressure.

Figure 3.4: Typical WFT pressure record®®.

In pretest period, the flow regime is commonly spherical or hemispherical
because the pressure disturbance has a depth of investigation that is too small to reach

impermeable boundaries in most cases. The drawdown pressure depends on the
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mobility, &/u, of the flowing fluid, which is usually mud filtrate from the invaded
zone.

At the end of the drawdown period, the pretest chamber is full and the build-
up period starts. The pressure disturbance continues to advance in a pattern similar to
the drawdown period because of fluid flowing from the undisturbed part of the
formation toward the low-pressure area near the probe. The pressure measured at the
probe rises until it reaches the formation pressure. The time required for this buildup
is essentially a function of the formation fluid mobility and the pretest drawdown
volume.

During the buildup period, the pressure disturbance propagates spherically and
continues in this manner _until_ene impermeable barrier is reached. At this stage, the
spherical flow pattern is altered and becomes hemispherical. Eventually, if a second
vertical barrier is detected; the hemispherical propagation becomes radial.

To avoid the“mud" invasion effect in practice, the repeated tests may be
performed to obtain thesaccurate formation pressure as shown in Figure 3.5. The first
drawdown period is to elean up formation damage and adjust the choke. Then,
drawdown and buildup are repeated again. The reservoir pressure is estimated from
the last build up which has the safmie value of reservoir pressure as in the previous

build up as shown inthe figure.

2000

1500

Pressure (psia)

1000

500
0 50 100 150 200

Time (sec)

Figure 3.5: Repeated drawdown and buildup pretests.
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To obtain a representative reservoir fluid, the pump-out module is then started
again to clean up fluid with a longer drawdown. Once reservoir fluid is observed in
the flowline, the pumps are stopped and pressure is recorded during the main build up.
The pressure response obtained from the last build-up period can be used to estimate
reservoir parameters, i.e. vertical and horizontal permeability, skin factor, wellbore
storage and radius of investigation. The pressure derivative is a popular tool to
identify different flow regimes and provide the estimate of reservoir parameters.
Figure 3.6 shows the theoretical constant-rate pressure-derivative plot. The
dashed curve corresponds to the spherical timae*function and the solid curve to the
radial time function. A time_interval f'é)r which the derivative of the pressure with
respect to the spherical time funciion has a flat trend should correspond to the time
when the flow is spherical. During this‘”tinterval, the derivative of the pressure with
respect to the radial time finction should have a slope of -%. Similarly, a time interval
for which the derivative ofithe pressure v?ith_.‘ respect to the radial time function has a
zero slope should correspond to the time \;‘vhen the flow is radial. During this interval,
the derivative of the pressure with réspect fﬁ;tﬁ.‘e spherical time function should have a

v

slope of +%.
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3.2.2 Wireline Formation Test Interpretation

The same principal as advanced well test analysis technique is used in wireline
formation test data to obtain reservoir information. There are three main possible flow
regimes which are linear flow in the open interval, spherical flow when there is a
vertical contribution to flow, and radial flow when the upper and lower boundaries
have been seen.

Horner!® derived the radial flow égtiation for buildup period in 1951. Then,
Moran and Finklea®" presented the spherical-flou.equation in 1962 and also showed
that only the last two flow regimes, radial flow-and spherical flow, can be seen in

wireline formation test.

For radial flow egdation'#;

p@) #pf~ == nfe A SIn(A)] (33)

where pt)y = pressufe at'time t (dynes/cm?)

Pi = initial reservoir pressure (dynes/ cm?)

= fiuid viscostty {potses)

k = formation permeabiity (mD)

C = compressibility (cm?/dyne)

@ = uedD/k-(Sec/,.cm?)

t = total time the'teol is‘opened (sec)

At = time after thestool is closed (sec) (buildup time)

\ 4 total volume of fluid produced (cm?)

The spherical flow regime is controlled by the spherical permeability, ky,, and

equations®Y for spherical flow is as follows:

_ 4B _ | uerd 1
Ap N zalkxyz Ts [1 7Takayz VAt + Sp] (34)
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The spherical permeability is

Kyy, = {kekyk, = k& k, (3.5)
And, the horizontal permeability is
(3.6)

where

ility (mD)
pres lty(pSI Y

\ e actor (RB/STB)

0 pressure (psi)

probe skin factor m

ﬂu?J'amoﬁiﬁ’wmm
szganmao»aﬂ@mad@aa@mm A Y

During testing of wireline formation test, the flow regime is commonly

spherical flow or hemispherical flow and radial flow near the probe which can be

characterized by pressure derivative plot.
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3.2.3.1 Spherical flow

At early times, pressure response is dominated by the tool storage effect. This
effect will show a hump in the pressure derivative plot similar to wellbore storage
effect.

At middle times, when the fluid in the formation is moving into the probe,
e is spherical as shown in Figure 3.7
J& estigation that is too small to reach
impermeable boundaries.

reg’me

straight line in the pressure

which has a small diameter, the flox

because the pressure disturba
served by a negative half slope
: in Figure 3.8. The spherical flow
regime is controlled hy.sphericalpe f ekbility: yy2 and-from this flow regime kyy, can
be estimated. v \

ﬂuﬁqwaﬂﬁwﬂwni
ammnﬁmmamwmaa
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3.2.3.2 Radial flow 7
v
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When pressure disturb_ar_l_ce..encount,g?rs_;_up_per and lower boundaries as shown

in Figure 3.9, the flow regime is now radial or cylindricarl"‘f‘low. Vertical to horizontal

permeability ratio cail be calculated if the upper and Iawer boundaries are known
from other source of data such as well 1ogging. In a pressure derivative plot as in
Figure 3.10, spherical flowsoccurs at early, times, and then radial flow develops as
pressure response reaches the top and bottom ‘boundaries and can be identified by
stabilization lineon the pressure derjvative. The horizontal permeability (kyy), vertical
permeability (K,), anclwerticalto horizontal ‘permeability ratio (Ka#kyy).Can be obtained

from thisiflow regime.
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3.2.3.3 Hemispherical flow

When the probe is placed close to the top or bottom boundary, spherical flow
will not fully developed. Part of the pressure response hits the closer boundary and
starts to develop into radial flow while the other still acts like spherical flow as shown

in Figure 3.11. In a pressure derivati plot as shown in Figure 3.12, at early

times, the pressure response ' ue pherical flow. After that, pressure

disturbance reaches the closer b : mispherical flow takes place,
| — i | —

identified by another negative half , ‘antive plot. Then, when the

pressure response reaches 6/ ] bot daries, radial flow is fully

developed.

AULINGNTNEINS

ure 3.11: I‘iemisiﬁericaﬁlow re

QRN TINE A e
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3.2.4 Wireline Formation Test Tools

Wireline formation testers have developed through'a series of innovations as
shown in Figure 3.13. The first tools was commercially used in 1955 in the Gulf of
Mexico, primarily to recover.one fluid sample and measure one formation pressure on
each trip to the well/Later, the Formation Interval Tester (FIT) was also introduced.

In 1975, the Repeat Formation Testers (RFT) replaced its, predecessors FT or
FIT, starting in| the *North "Sea. | 'It" added" the capability to~repeatedly measure
formatioh pressure during a single trip. This marked the beginning of a new era in
wireline formation testing technology and application. Then, a variety of wireline
testers were available on the market, satisfying the growing need of oil companies in
their exploration and development projects. Traditional testers developed in the 1970s
and 1980s were very successful in a variety of pressure surveys and applications in

single well and reservoir evaluations.
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FT RFT MDT
Formation Repeat Modular Formation
Tester Formation Tester Dynamics Tester

N e

Electrical Power

Hydraulic Power
Probe

Dual-probe

Dual

Flow control Packer

Optical Fluid Analyzer

1955- 1975

"' _wireline ‘technology ! other huge step forward.
Schlumberger deagﬁé a new modular tw ynamics Tester (MDT), to
provide answers to coﬁlplex and varied reservoir ques{fgns particularly fluid typing
and sampling, Ejaﬁ iﬂ n testing with much
enhanced featﬁ u pa %H% ﬂ E-E )Q.J 9i‘:?gormatlon permeability
from pressure tran5|ents Then, Baker-Atlas debuted its Reserveir Characterization
instrurien (RC1}, 8 b 196 Halibufén{Broupiht R voir Desdipton Tool (RDT)
to the mgrketplace.

Now wireline formation testers can be separated into two groups, traditional
testers and modern testers. Traditional testers currently still being used in the oil
industry, Repeat Formation Tester (RFT), by Schlumberger, Formation Multi-Tester
(FMT) by Baker Atlas, Selective Formation Tester (SFT) and Sequential Formation
Tester (SFTT) by Halliburton, Repeat Formation Sampler (RFS) by Reeves Wireline

and, Formation Tester (FT) by Tucker Wireline, represent the family of traditional
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wireline testers. Traditional testers have a fixed-volume pretest chamber from 20-cc to
38-cc and cannot perform extended flows for pressure testing or sampling quality
control. For modern wireline testers, several tools have been introduced.
Schlumberger’s MDT, Halliburton’s RDT, and Baker Hughes’ RCI lead the wireline
testing services worldwide. All these three testers have multifunctional features for a
broad span of reservoir evaluation applications, from pressures, fluid identification
and sampling, to mini-drillstem testing .and permeability evaluations. All these three
testers are modular tools; each tool string has te be assembled by stacking all required
modules before running into the well.

This study is emphasizing-en MDT tool. Modern wireline formation tester can
be arranged in a variety of configurations depending on testing needs. The MDT
string can be configuredsfor the desired testing objectives. The following section

includes a brief description ofithe MDT tool modules.

3.2.4.1 Basic Tool Maodules

The modern wireline testers system comprises a number of modules. The tool
IS designed to take several pressure measurements.and fluid samples during one trip in
the well. There are four modules making up the basic tgol as shown in Figure 3.14.
This configuration ‘which extends the capabilities of existing single-probe testers
provides a basic tool t0 which additional modules and-therefore capabilities can be
added. Normally the top ‘Section of each“module houses the electronics, and the
bottom section contains.thechydraulics andvalves: The taol is:usually combined with
a gamma ray device for depth control and an Auxiliary Measurement Sonde (AMS)
tool fortension manitoring.

1) Electrical module - This module converts AC power from the surface to
provide tool electrical DC power to drive all the downhole electronics and a supply
for the electro-hydraulic system. The electric power module is used in every MDT
configuration and always at the top of the tool string.

2) Hydraulic power module - This provides hydraulic power to the probe
module by way of a hydraulic bus. It contains an electric motor and a hydraulic pump.

Any module needing hydraulic power must be connected immediately next to the
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hydraulic power module. This also means that modules that do not have a hydraulic
bus cannot be connected between modules using the hydraulic bus. For example, a
sample chamber cannot be placed between a hydraulic power module and a single-
probe module.

Electric power
module

Electric power
module

her

T

Hydraulic power
module

A

e N

- Sample modules

o
=
=]
=
m
3
Q
=5
=
(D
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.-

Hydraulic power

module
fPI‘DbE module
. L
| -
i e
| —

Figure 3.14: MDT basic tool modules®®.

3) Single p‘robe module - This‘ module establishes pressure and fluid
communication\betweensthe=taol |and| the formation. SConnected: directly to the
hydraulic power module, the singlé-brobe module contains a probe assembly with
packer and telescoping backup pistons and connects the tool flowline to the reservoir.
It also houses the strain and quartz gauges and fluid resistivity and temperature
sensors and provides pretest functions. The single-probe module can be placed
anywhere in the string, but it must be directly connected to the hydraulic power

module.
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The probe extends against the borehole wall to provide a sealed fluid path
from the reservoir to the flowline. The pretest is used to ensure a good hydraulic seal,
obtain accurate formation pressure recordings and determine permeability. The
module has one pretest chamber with a maximum volume of 20 cms. The MAXIS
500* service unit controls the sampling pressure, pretest flow rate and volume from
the surface. This allows the engineer to select optimal values for the various formation
characteristics that can occur during a pressure measurements sequence.

4) Sample chamber modules - Any.combination of sample chambers can be
assembled. A single flowline serves all the-chambers. The sample chambers can be
located above the probe module;-allowing sampling to take place just 0.53 m (21 in.)
from the bottom of the well.-The standard sample chambers are available with
volumes of 1, 2 % and_6 gal. Each chamber has an electromechanically actuated
throttle (seal) valve, whichis controlled from the surface and directs sampled fluid to
the selected chamber in any order. The valve can operate in one of two modes. In seal
mode, the valve can be‘either fully open wo_r fully closed. In throttle mode, the valve
operates as a variable ogifice that automag'ié'élly opens and closes to maintain the
flowing pressure constant. The throttie vali),é"igsl_,a dynamic valve, constantly adjusted
to maintain a specified flowline samipling preséure within an error band. In addition,
the sample chamber has a drain valve for coh.n-écting the/Sample drainage equipment
and a transport valve for sealing the sample in the module.

3.2.4.2 Optional Madules

The MDT tool is built with«options to obtain a representative fluid sampling
and avoid the contamination by mud filtrate. There are six available optional MDT
modulesthat can be added to the basic tool to substantially increase its capabilities as
shown in Figure 3.15.

Multisample module — Each of these modules can collect six 450 mL
samples, suitable for PVT (pressure-volume-temperature) laboratory analysis, from
one or more downhole locations during a single trip. Each sample is stored in an

individual container that can be removed intact at surface and safely and legally
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transported for analysis without fluid transfer. The number of chamber depends on the

requirement and/or each company’s tools’ specification.

e

Electric power
module

Hydraulic power
module

Probe module

Dual probe
module

Flow contral
module

OFA module

Multisample
module

Sample module

[ Sample module

-l
=

Pumpout
module

Figure 3.15: MDT tool with optional modules®®®.

Pumpout module — This module pumps formation fluid that has entered the

tool out into the borehole. The module is used to dump contaminated fluid prior to

sampling. It has to pump against the differential between formation flowing pressure

and hydrostatic pressure in the wellbore.

Flow control module — This module provides 1-liter pressure drawdown tests

with accurately controlled pressure or flow rate (1 mL/sec to 200 mL/sec). In this

way, a larger drawdown than that offered by the pretest can be controlled from
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surface, giving extended transients and therefore improved formation pressure
measurement and permeability determination.

Multiprobe module — This module can be added to the basic probe module.
This creates a tool with three probes, a sink for drawing fluid and two pressure
observation probes which are the horizontal probe opposite the sink and the vertical
probe above the sink. The system is usually configured with the flow control module,
drawing fluid through the sink probe to set up a pressure disturbance in the formation.
Analysis of transients measured at the twe observation probes yields vertical and
horizontal permeability estimates and enhane€s-pressure gradient information.

Dual-packer module — This module provides two inflatable packer elements
to isolate a borehole interval fortesting and/or sampling. Spacing between the packer
elements varies with hole'size, but'the minimum distance is about 3 ft. The entire
borehole wall is open to the formation, so the fluid flow area is several thousand times
larger than with conventignal probes. The dual packer module can be used as an
alternative to conventional probes. \‘ !

Optical fluid analyzer (OFA) — Th|3|s a detection system to indicate fluid
type. A series of optical measurement is ﬁéffg_rmed in the OFA tool. These optical
measurements help characterize the floy\(liné_ fluid, including data differentiate
hydrocarbon from oilsbase drilling mud filtréfe-‘. There aige several generations of the
Downhole Fluid Analyzers (DFA) tool available in the current market. However, this
paper will discuss on two types of the DFA tools, Live Fluid Analyzers (LFA) and
Composition Fluid Analyzer (CFA).

Live Fluid Analyzer (LFA) - Ainew MDT module that'utilizes new downhole
optical techniques to analyze fluids as they flow through the MDT tool. This analyzer
provides:fluid type-and:GORfram spectrometrys The/LEA!spectrometer uses light in
the visible and near infrared range to characterize the fluid flowing through the
flowline as shown in Figure 3.16. The refractometer provides discrimination between
the liquid phase and the gas phase. It builds on and improves existing optical fluid
analysis with its unique ability to detect and measure dissolved methane in live fluids,
whether it is dissolved in the liquid or in the gas. Oils of different types can be

differentiated based on both their methane content and color® 39,
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Compositional Fluid Analyzer (CFA) - From spectrometry, the CFA provides

fluid apparent density, GOR and compositional analysis. Near-infrared optical
absorption spectrometry and fluorescence emission measurements are used to
determine gas-fraction concentrations and to identify fluid types, respectively, as
fluids flow through the CFA module as shown in Figure 3.178 4%,

In this work, the single probe module of wireline formation tester is used to

formation fluid samples and

anisotropy, and wellbore d@:

conduct controlled local productlong bundup tests. The tests can be provided

ﬂlzontal permeability, permeability

Figll—nl 3.16: Sketch 0 module vﬂh LFAR,

ﬂummmwmg

m RF CH 470 nm

i+ FLCH#1 >550 nm
11 FL CH#2 >680 nm Spectrometer
1 Light source 470 nm (gas analyzer)

Figure 3.17: Sketch of OFA with CFALY.
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3.3 Gas Condensate Reservoirs

Generally, there are five types of reservoir fluids. These are usually called
black oil, volatile oil, retrograde gas, wet gas, and dry gas. The behavior of a reservoir
fluid during production is determined by the shape of its phase diagram, the position
of its critical point and the location of reservoir pressure and temperature. Table 3.1

shows generalizations for fluid type™*\

Table 3.1: McCain’s Generalizations for, Fluid Types®!].

Blackwoil _Volatile® 'Retrograde Wet Gas Dry Gas

Qil gas
Initial producing | <1;750 ¥/605 >3,200 >15,000* 100,000
GOR, scf/STB 3,200
Initial stock-tank <45 >40 >40 up to 70 No liquid
liquid gravity, '
°API
Color of Dark Colored Lightly Water No liquid

stocktank liquid colored white

Phase change in Bubble Bubble Dew point — No phase  No phase

reservoir point point change change
Heptane-plus, >20 20-12.5 <12.5 <4 <0.7
mole %
Oil FVF at bubble <2.0 >2.0 - - -
point

Gas condensate reservoirs are usually formed at higher pressure, higher
temperature and deeper underground than other types of oil and gas reservoirstl, Most
known condensate reservoirs are found in the range of 3000 to 8000 psia and 200 to
400 °F. These gas condensate reservoirs have wide ranges of fluid composition.
Approximate composition indices for gas condensate systems are the condensate/gas
ratio of produced fluids (CGR) and the gravity of stock-tank oil. The CGR of gas

condensate systems can vary from more than 500 bbl/MMscf (rich fluid) to less than
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10 bbl/MMscf (lean fluid). The tank condensate produced from the well varies from
less than 30 to more than 80°API, and more than 85% are within the range of 45 to
65°AP1*2. The added economic value of produced condensate, in addition to gas
production, makes the recovery of condensate a key consideration in developing gas

condensate reservoirs.
3.3.1 Gas Condensate Phase Behavior

Figure 3.18 exhibits'a constant compasition-phase diagram of gas condensate.
The phase diagram of a_gas-condensate system is-smaller than that of oil, and the
critical point is further dewn _ine_ Ieft side of the envelope. It has a critical temperature
less than the reservoir geémperature andlla cricondentherm greater than the reservoir
temperature. Initially, the'gas condensate |s totally gas in the reservoir, point 1. As the
reservoir pressure decreases, the retrograde gas exhibits a dew point, point 2. As the
pressure is reduced, liquid condenses fro_r_n___the gas to form a free liquid in the
reservoir. This liquid will normally not._flpw and cannot be produced until the
accumulated condensate saturation exceeds'f thé.-‘ critical condensate saturation due to
the relative permeability and capillary pressure effects in the porous medium. Once
the reservoir pressure-drops below the dew point pressure; a condensate bank tends to
form around the well: This high liquid saturation resuits in reduced gas relative
permeability and lowered well deliverability. The effect of reduced gas permeability
close to the wellbore is often called "condensate blockage.” This causes a loss in
productivity. As the reserveir pressure further drops to lower pressure, point 3, the
liquid begins to revaporize. However, the revaporization may not occur in the
reservoir because theoverall composition of the reservoir fluidimay: change during

production leading to a different phase envelope.
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. - W, \ .
Figure 3.19 shows phasg diagram of lean and rich gas condensate. There is no

clear definition in the Irterature for Where the transition between rich and lean

condensates occurs on the phase plot Compared to lean gas condensates, rich gas

condensates have higher percentage of rntermedlates and C;+ components, higher

specific gravity and lower gas- -oil-ratio. The foIIowmg gurdelmes are often used to

distinguish rich congl_ensate fluids: an initial producing _ggs-orl-ratlo of 3300 to 5000

scf/stb*!), heptane plus:_concentrations close to 12.5%!**, maximum liquid drop-outs
of up to 35% and an initial liquid yield of over 100 stbo/MMscf.

Rich Gas

Figure 3.19: Constant composition phase diagram of a gas-condensate system[44].
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3.3.2 Compositions Changes when Condensate Drop-out

In some gas condensate reservoirs, the reservoir pressure and temperature are

close to the critical point!*]

. The near critical fluid exhibits the retrograde
condensation of rich gas with high shrinkage factor. For this type of reservoir, there is
a high producing gas oil ratio (GOR), and light surface oil. It is very difficult to
identify gas and liquid states even there is no distinct gas/oil contact can be observed
in the reservoir. Figure 3.20 shows a phase.diagram of a near critical condensate
system, which the isotherm.or pressure path+s very close to the critical point. The
critical point remains on the deft-hand side of the pressure path. Figure 3.21 displays
the phase diagram of a near critical oil phase diagram, which the critical point is now
on the right-hand side _of the pressure 'path. Therefore, small changes in reservoir
condition will result in a_ehange of fluid br'éperties considerably!®.

During productiony the condensat; or heavy liguid components (Cr,) start to
accumulate in the reservoirwhile the amount _Qf lighter components such as methane,
ethane and propane decrease as they are mc;‘ire‘producible; thus causing the change in
the system composition. Clearly; the detail_s; &:,.composition evolution with time and
distance are controlled by the production s¢hggule. Hence, different fluid types may

exist at different points.in time and space.

Figure 3.20: Phase diagram of a near critical point condensate system[45].
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In a rich gas condensaté fluid during the shut-in period after the high rate

production period, the condens_ate‘;Saturati.‘dfi_»'thcreases near the wellbore during the

shut-in period. The '_j'__ncrease of condensate saturationij as pressure increase is a
behavior of volatile oil system, not the gas condensate s;i?sf‘ém“”. In addition, there is
a field in north Louistana. It had an initial producing gas/oil ratio of 2,000 scf/STB.
The stock-tank_liquid was-*medium orange” and_had. a gravity of 51.2°API, which
was initially classified.as volatile loil. However, during the producing history of this
field the stock-tank liquid gravity steadily increased to 63°APIlgand the producing
gas/oil ¥atioincreased'to a maximum of 29,000 scf/STB, which this produced fluid is

now classified as condensate!*”].

3.3.3 Condensate Banking
Gas condensate reservoir can be divided into three radial zones® *®! when a

well is produced below the dew point pressure and the reservoir pressure is still above

the dew point as shown in Figure 3.22.



37

Away from the well, region 3, where the reservoir pressure is still above the

dew point pressure, contains gas only. Next, region 2, there is an intermediate region
with a rapid increase in liquid saturation and a corresponding decrease in gas relative
permeability. However, liquid in this region is immobile because its saturation is less
than the critical condensate saturation. Closer to the well, region 1, a region forms
where the liquid saturation reaches a critical value, and the fluid travels as a two-
phase fluid. Regions 1 and 3 can be identified from well test data, where they create a
two-region composite behavior and appearsas two different mobility zones on the

pressure derivativel*.
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Figure 3.22: Regions around gas condensate wellbores!.

It may also exists a fourth region immediate vicinity to the wellbore where
low interfacial tension at high gas velocity leads to a decrease of condensate
saturation and an increase of gas relative permeability as shown in Figure 3.23, when

the condensate saturation is high enough and there is no other effect hiding them, such
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as high wellbore storage, wellbore phase redistribution, noisy data, or boundary and
other reservoir effects. This phenomenon is referred to as “positive coupling” or

“capillary number effect”.
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Figure 3.23: Condensate saturation profilé‘:w&hcondensate drop-out and velocity

= stripping™™®.

In terms of pressure derivative, the second and-third zones would not show
different mobilities. This is.due.to.two reasons: (1) both zones have high condensate
saturation, and (2)-the.size' of the.second-zone diminishes when the third zone is
formed. When the velocity-stripping zone does net. exist, there are.only two different
mobility. zones, Regions 2 and 4, which create a two-region composite behavior and
appear as two different mobility zones on the pressure derivative as shown in Figure
3.24. The outer mobility zone indicates a gas reservoir with initial condensate
saturation whereas the inner zone represents a mobility zone with high condensate
saturation.

In the near wellbore region where high velocity and low interfacial tension
exist, the increased gas mobility zone occurs. This creates a three- region composite

behavior and appears as three different mobility zones (Regions 1, 2 and 4) on the
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pressure derivative when the condensate saturation is high enough and there is no
other effect hiding them. This will yield three stabilizations on the derivative as
shown in Figure 3.24. The early time stabilization represents gas with lower
condensate saturation.

Regions 1, 2 and 3 are referred to as the condensate bank, and the decrease in
gas effective permeability resulting from the existence of this condensate bank can
have a significant impact on the well performance. The “condensate banking” effect is
compensated by “velocity stripping” whiche increases the gas mobility in the
immediate vicinity of the wellbore. “Veloeity* or “viscous” stripping (also called
“positive coupling”) occurs at high caﬁillarity number, obtained when there is high

flow rate or low interfacialstension.
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CHAPTER IV

SIMULATION RESERVOIR MODEL

In order to perform wireline formation testing, a radial grid model was used
with the compositional simulator, E300 from Schlumberger, to acquire pressure
responses under particular conditions. The simulation results were then interpreted
using Pressure Transient Analysis (PTA) software, Saphir. As a result, reservoir
properties can be obtained.

The top depth of the reservoir was set at-8500 feet. To simulate a homogenous
reservoir, permeabilities in_the .iheta and radial directions were set to be 5 mD.
Therefore, the horizontal«permeability (ki) Is equal to 5 mD. The vertical
permeability in the z-direction/was set to be 1 mD. The porosity was set to be 10%.
For all of our cases, the'geaometrical properties of the reservoir are described in Table
4.1, and the gas-oil relative permeability cur\'/-e IS shown in Figure 4.1.

A homogeneous regervoir with a 10 ft thick single layer is modelled where the
size of the grid blocks increases logarithmi"cal.ly since the pressure response changes
logarithmically as a function of distance. Only)’a single grid cell is connected to the
reservoir to represent a singlé probe formation tester. The grid geometry containing
30 grid blocks in the radial-direction;2i-grid-biocks-in-the theta direction, and 21 grid
blocks in the z-direction.

The initial size of the grid block closest to the well in all directions depends on
the actual size:Ofathesprobe sizecof ithe «tool jused; toy conduct the test. This work
considers threegprobe types, which are extra-large probe Size, large probe size and
standard probe.size. The. standard probe size 1 mainly used and. has the cross
sectional area of 011521 square inches(probe radius of 0.220034 inches). The large
and extra-large probe size has the cross sectional area of 0.8495 square inches (probe
radius of 0.52 inches) and 2.011 square inches (probe radius of 0.80008 inches),
respectively. Hence, the initial size of the grid block in all directions can be
calculated.

The wellbore radius is set to be 0.25 ft. In the radial direction, the first grid
block is 0.0796 ft. and following grid block sizes are increased logarithmically as a

function of distance. In the theta direction, the first grid cell is 7.4485 degrees. Similar
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to the radial direction, the angle is increased logarithmically in the clockwise and
counter clockwise directions. In the z-direction, the first grid cell size is 0.0325 ft and
the following grid cell sizes are also increased with logarithmic increment as showed
in Table 4.2. The probe position is set to grid number 11 which is the smallest grid
size located at the middle of the formation. Figures 4.2, 4.3 and 4.4 depict the side

view, top view and a 3D view of the single layer radial model, respectively.

Kro
~ /
0.8
o e ".;r"l-w:'.l—'...
Figure 4.1: Gas-oil relative permeability curve used in the simulations.
7 ¥

Table 4.1: Basic reser\_};ct;]ir rock and fluid properties for tt]e simulation run.

Characteristic Value
Porosity 0.1 fraction
Horizontal permeability 5 mD
Vertical permeability 1 mD
Connaté water saturation 0.297 fraction
Wellbore radius 0.25 ft
External radius (re) 1000 ft
Top depth 8500 ft
Reservoir thickness 10 ft
Number of nodes —radial direction 30
Number of nodes — theta direction 21

Number of nodes — vertical direction 21




Table 4.2: Summary of grid geometry for the single layer radial model

Radial direction

Theta direction

Vertical direction

Grid | gridsize (ft) | grid | grid size (degree) | grid | grid size (ft)
1 0.0796 1 7.4485 1 1.6515
0.1050 2 8.5832 2 1.1150
3 0.1384 3 9.8907 3 0.7528
4 0.1825 4 11.3975 4 0.5082
5 0.2406 5 13.1338 5 0.3431
6 0.3172 6 15,1347 6 0.2317
7 0.4183 7 17.4403 % 0.1564
8 0.5515 8 20.0972 8 0.1056
9 0.7271 9 23.1589 9 0.0713
10 0.9587 10 26.6869 10 0.0481
11 1.2640 11 30.7525 11 0.0325
12 1.6665 12 + 30,7525 12 0.0481
13 2.1973 13 26.6869 _ 13 0.0713
14 2.8971 g4 4" 231589 | 14 | 0.1056
15 3.8197 150 | = 200972 %, | 15 0.1564
16 5.0362 16 |“=—17.4408 " | 16 0.2317
17 6.6401 17 f 2P A5 M| 17 0.3431
18 8.7548 .| 18 13.1338 18 4., 0.5082
19 11.5430 . | 19 11.3975 19 ° | 0.7528
20 15.2191 20 9.8907 200 | 1.1150
21 200661 | 21 8.5832 21 | 16515
22 26.4567 Sam 360,0000 Sum -, .10.0000
23 34.8825
24 459917
25 60.6390
26 79.9510
27 105.4135
28 138.9852
29 183.2487
30 241.6091
Sum | 1000.0000
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Figure.4: 3D view of a single layer radial model.

Three fluids withediffergnt degree§""'of richness in condensate which are fluids
A, B and C were used ip this study. Fluid“A and C are obtained from Al-Lamki’s
work!” whereas Fluid B is/obtain from Kenyon’s work™. All of fluid properties and
EOS used in this study are the same as presented in those papers. The compositions
and basic properties of Fluids“A; B and C'are shown in Tables 4.3 and 4.4
respectively. Figure 4.5 shows lquid drop—_out for Fluid A, B and C. The phase
behaviors calculated by PV/Ti program are shown in Figures 4.6, 4.7 and 4.8
respectively. Fluid A"has a maximum liquid drop-out of 1.02% and was modeled
using Soave-Redlich-Kwong (SRK) equation of state with 12 components including
water. Fluid B_has a maximum liquid drop-out of 3.41% and was modeled using
Peng-Robinson (PR). equation of state with 8 components in¢cluding water. Fluid C
has a maximum liquid drop out 0f#19.24% and.was modeled using Soave-Redlich-
Kwonga(SRK) with' 10 components .including water. According to|the maximum
liquid drop-out, Fluid A is very lean gas condensate, Fluid B is lean gas condensate
and Fluid C is rich gas condensate.

The models were simulated with a sequence of drawdown and build-up period.
Wellbore storage and initial skin factor were not included in the models since the
main concern for this study is to evaluate the effect of the condensate bank on
pressure behavior in wireline formation test. To simplify the simulation, capillary

number effect and the velocity dependent relative permeability options were also not
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used. In addition, the examples of time steps and data file used in the simulation are

presented in Appendix A and B respectively.

Table 4.3: Fluid composition of Fluid A, Fluid B and Fluid C.

Fluid A
Critical Pressure  Critical Temperature
Component Mole fraction = MW (psia) (R)
N2 0.015800 28.01 493.1 227.2
CO2 0.024100 44.01 1071 547.6
Cl 0.796000 16.04 666.7 343
C2 0.068700 30.07 707.8 549.8
C3 0.035700 441 615 665.6
n-C4 0.018900 58712 | 548.8 765.2
n-C5 0.008800 72.15* 488.1 845.4
PC1 0.026155 109.03 =~ 408 1005.2
PC2 0.004584 17559+ 302 1222.6
PC3 0.001285 263 5L ™ 172 1411.5
PC4 0.000026 4298448 95 1664.9
Fluid B
“Critical Pressure  Critical Temperature
Component  Mole fraction = MW ~ (psia) (R)
N2+C1 0.80447 16.1464. ./ ~.664.579 341.341
CO2+C2+C3 0:41758 35.7582  745.052 586.362
C4+C5+C6 0.83195 67.645 499.146 820.504
C7-C9 0.02361 103.069 406.819 992.92
C10-C12 0.00982 146.834 314.444 1117.11
C13-C17 0.00793 200.222 262.234 1245.979
C18-C78 0.00463 322.89 210.749 1505.4
Fluid C
Critical Pressure  Critical Temperature
Component, _Mole fraction MW (psia) (R)
CO2 0.01210 44.01 1071.83 548.46
N2 0.01940 28.01 492.31 227.16
Cl 0.65990 16.04 667.78 343.08
C2 0.08690 30.07 708.34 549.77
C3 0.05910 44.10 618.70 665.64
Cus 0.09670 66.87 514.93 806.54
C/Py 0.04745 107.78 410.75 838.11
C/P; 0.01515 198.56 247.56 1058.04

C/Ps 0.00330 335.20 160.42 1291.89




Table 4.4: Basic fluid properties of Fluid A, Fluid B and Fluid C.

Fluid properties Fluid A Fluid B Fluid C
Maximum liquid drop out, % 1.02 3.41 19.24
Reservoir temperature, F 251 270 230
Initial reservoir pressure, psia 3474 5850 3730
Dew point pressure, psia 3468 5847 3724
Critical condensate saturation, fracti 0.244 0.246  0.240
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Figure 4.6: Phase behavior of Fluid A.
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CHAPTER V

SIMULATION RESULT AND ANALYSIS

This chapter describes results from the simulation work using generic rich and
lean fluids for single layer homogeneous gas condensate reservoir. A reservoir
simulator, E300, was used to simulate pressure transient responses from the wireline
formation tester. Then, the pressure transient analysis software, Saphir, was used to
estimate reservoir parameters. A numbei of cases were generated in order to
investigate the effect of condensate drepout -on-the-pressure behavior obtained from
formation tester data and evaluale the applicability of wireline formation test in gas
condensate reservoir whether 1t.can detect the increasing size of condensate bank. The
effect of condensate-banks<onsestimates of reservoir parameters was examined by
comparing the estimated reservoir parémeters obtained from Pressure Transient

Analysis (PTA) technique with the actual Value used in the simulation.
5.1 Behavior above Dew Poiht"Rressure (Model Validation)

The first scenario was run using Iean'fl.u-i‘d (Fluid A) to validate the model. The
initial reservoir pressure was set at 6000 psia, much higher than the dew point
pressure of 3468 psia, in order to monitor single phase gas behavior. Hence, the
flowing probe pressure ig still higher than the dew point pressure. Initially, the radial
and theta permeability-was input as 5 mDwith the vertical permeability of 1 mD;
hence, permeability anisotropy (ki/ky) is equal to 0.2. The formation test was
simulated With a scguenceof-drawdown ‘and build-up) periads. The simulated probe
was designed to set at the middle of the formation. Fluid was drawn with a flow rate
of 1 Mscf/d for 1 hr, and followed by a shut-in period or buildup test of 1 hr. The test
period in the model is longer than that in the actual formation test to define all
possible flow regimes such as radial flow. In addition, wellbore storage was set to
zero; therefore, we should not see the effect of wellbore storage in the derivative. A
schematic of reservoir description for this case is shown in Figure 5.1. The pressure
and flow rate profile from the simulation are shown in Figure 5.2.
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Top boundary
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51t kxy:5mD Fluid A
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Figure 5.1: A sche ‘below dew point pressure.
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pressure is much higher than the dew point pressure.

After running an analytical model using formation test option, the values of
key, Ko/Kyy, skin and radius of investigation were estimated using pressure transient
analysis software. Figure 5.3 shows the log-log derivative plot of the build-up period.
An analytical model is shown as a green line and the pressure derivative is shown as a
red one. As can be seen in the figure, an analytical model shown as a green line the
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spherical flow model can be matched with the curve at time before 0.01 hr. At late
times, after 0.03 hr, the radial flow model can also be matched with the curve.

As expected, there is no condensate drop-out in the near wellbore region since
the flowing probe pressure is much higher than the dew point pressure. The derivative
exhibit two responses which are (1) a negative half slope straight line corresponding
to spherical flow near the wellbore where there is a vertical contribution to flow, open
interval smaller than the drained interval and (2) a zero slope straight line
corresponding to radial flow regime.

Figure 5.4 shows grid block condensatessaturation and pressure at the end of
the drawdown period as a function of radial distance. From this figure, it is clear that
the liquid saturation is zero«for all grid cells since the flowing probe pressure is higher
than the dew point pressure. |

In addition, the gompositions of all components are the same during the
drawdown period as illustrated by concerf]dtration of CH4in Figure 5.5 as an example
and are the same for the entire of radiél_ distance as in Figure 5.6. Hence, phase
behavior is the same during the test duratiqh’_;_.'
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Figure 5.3: Derivative plot of lean Fluid A when the probe pressure is much higher

than the dew point pressure.
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Table 5.1 shows the interpretation results. Gas effective permeability (kyy) was
estimated to be 2.93 mD. This is consistent with the input absolute horizontal
permeability of 5 mD and the end point gas relative permeability of 0.61 with the
error of 4% (the gas effective permeability corresponding to absolute permeability of
5 mD is 3.05 mD). The spherical flow analysis shows the permeability anisotropy
(k/kxy) of 0.224 which has an error of 12%. This result confirms that the estimated

permeability from WFT pressure respanse is reliable.

Table 5.1: Interpreted resulis when the probe pressure is much higher than the dew

point pressure.

Drawdown Interpreted Error Skin | Riny
rate key | kakof] Cllc ks ky | Kefkny | ko (ft)
(Mscf/d) | (mD) (mD)| (%), | (%) | (%)
1.00 2.93 | 022 |/ 1.08 /893 /1200 | 7.59 | 0.00 | 87.80

5.2 Behavior below Dew Point Pressure

The objective of this secticn is to investigate the pressure behavior below dew
point pressure. The simulation was run with fower initial reservoir pressure. The
initial reservoir pressure was set to be 3474 psia. As a result, the flowing probe
pressure drops below the dew point pressure. The schematic of the reservoir used in
this case is shown_in Figure'5.7. The lean Fluid A was drawn for 1 hr with flow rate
of 1 Mscf/d and 1 he of.buildup test. The pressure.and flow rate profile are shown in
Figure 5.8. As seen from the figure, the flowing prebe pressure is helow the dew point
pressure,

Figure 5.9 shows the log-log derivative plot of build-up test with an analytical
model using formation test option. An analytical model is shown as a green line and
the pressure derivative is shown as a red line. As can be seen from this figure, the
spherical flow model can be matched to the data at time between 0.001 hr to 0.01 hr.
At late times, after 0.05 hr which corresponds to 19.58 ft radius of investigation, the
radial flow model can be matched to the data. The derivative plot shows two negative
half slope parallel straight lines indicating two different spherical mobilities, a
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spherical composite behavior, and followed by a zero slope straight line representing
radial flow. Actually, the first negative half slope straight line is not clearly seen in
this case since there is only one pressure point in this line. Since, wellbore storage
was set to zero, the deviation from typical spherical flow behavior, as shown in
previous section, should be due to liquid drop-out.
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Figure 5.7: A schematic of resgrvoir to study behavior below the dew point pressure.
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At the end of drawdown period, thevvresn.lérvoir can be divided into three radial
zones as shown in Figure 5.10. R1 represehfs’ the probe grid block; R2 represents the
block next to the probe cell in the radial direction; R3 and R4 are the blocks further
away from the wellbore into the reservoir in the radial direction. As Fluid A is being
produced, the pressure. decreases from the reservoir to the well, leading to
condensation of liquid-from! the ‘gas. The“probe pressure drops below the dew point
pressure but the reservoir pressure is still above the dew point pressure. Away from
the well\where-the-distanee is-greaterthan «qew 0F,0:42 ft, zone3; and,the pressure is
still above ‘the dew point pressure,-there is'gas only. Cloeser to-the well, there is an
intermediate region between 0.18 ft to 0.42 ft, zone2, with a rapid increase in liquid
saturation and a corresponding decrease in gas relative permeability as shown in
Figure 5.11. However, liquid in this region is immobile because its saturation is less
than the critical condensate saturation. Closer to the well with the distance lesser than
0.18 ft, zonel, the liquid saturation reaches a critical value, and the fluid travels as a
two-phase fluid which can be confirmed by the fact that the oil relative permeability is

more than zero as shown in Figure 5.11.
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The radius of investigation to the radial flow regime is 19.58 ft which is larger
than the condensate bank region of 0.42 ft. Hence, all three zones exist within the
spherical flow regime. This yields a spherical composite behavior with the upper
negative half slope straight line corresponding to the spherical mobility of condensate
bank and the lower negative half slope line corresponding to the spherical mobility of
the original gas.

Figure 5.12 shows the phase envelope of each block near the probe cell at the
end of drawdown. At the end of drawdown, phase envelopes for different radial
distance are not the same as that of initial #luid;"Z1, At the probe cell and the block
nearby the probe cell, R1 and R2, quid"f)ehaves like a volatile oil system. Away from
the probe block, R3 and R4 fluid behayes like a gas condensate but the fluid at R3
becomes richer than that at'R4‘which halk the same phase envelope as the initial fluid.
Therefore, the fluid beh.a’\(es as a'volatile oil for radius less than approximately 0.18 ft,
R2. In summary, the filid if the ogte_r ce@’bghaves like a gas condensate but the fluid

in the inner cell behaves'likg'a yolatile oil:«
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Figure 5.10: Condensate saturation and pressure profile at the end of drawdown of

lean Fluid A when the probe pressure is below the dew point pressure.
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There is a difference in fluid composition in the radial distance at the end of
drawdown as depicted in Figure 5.13. When the bottomhole pressure drops below the
dew point pressure, the condensate bank starts to form in block R1, R2 and R3 in this
case. The heavy component like Cs drops out of the gas phase and accumulates near
the wellbore. This is why Cs in the gas phase decreases toward the wellbore and Cs in
the liquid phase increases toward the wellbore. The light component like C; in the gas
phase increases toward the wellbore and C, in the liquid phase decreases toward the
wellbore. The overall C; compasition decr'eeﬁ;,ei toward the wellbore, indicating that

the mixture fluid near the wellbore becomes heaVier. This is why the fluid near the

. . o o ; .
wellbore in R1 and R2 gr;d_ blocks behayes like a volatile oil system.
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From analysis of pressure data, the interpreted result in Table 5.2 shows that

WFT pressure response in lean gas condensate reservoir can be used to estimate
reservoir permeability with an acceptable value even though condensate banking
occurs. The error from the interpretation is approximately the same as the one in the
previous case. The error of estimated horizontal permeability (kyy) is about 3.93%; the
error of estimated permeability anisotropy is 13%, and the error of estimated vertical

permeability (k;) is 8.55%.

Table 5.2: Summary of interpreted results when'the probe pressure is below the dew

point pressure.

Drawdo Interpreted | ' Error Skin | Riny | KoKy
wnrate | | k/Ky | CalC kb ket | Klky | Tk (F) | early
(Mscf/d) | (mD) (MDY |_(%) | (%). | (%) time)
1.00 | 2.93 | 023 4 209 | 3981 1300 | 855 | 1.02 | 65.7 | 0.039

5.2.1 Phase Behavior during Draw@oixvn Period

As the pressure drop below the dew ‘5_0391,_ the oil condenses from the gas, and
zone 2 develops. The oil accumulates until its saturation reaches the critical
condensate saturation: Zone 1 develops at the 31° time step, T31, or at time of 0.0128

hr or 46 sec as shown in Figure 5.14.

s
3 -
0.25 oreeei@reeereeaiTesereesesesiesesisisiesesiesesesaesaiieee
SO.C \
248 - SEH-S ,
S \i \ =Tl [ T2
2 015 A\ ==T26 =#=T30
= \ 31 T35
S o010 \ 40
0.05 \
0.00 —_—h = ‘ =+ ‘
0 01 02 03 04 05 06

Radialdistance from well, ft

Figure 5.14: Condensate saturation profiles during drawdown period of lean Fluid A

when the probe pressure is below the dew point pressure.
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As the original gas flows through Region 2 in the reservoir, its composition
changes. The flowing gas becomes leaner because of condensation of intermediate
and heavy components. Consequently, the oil in zones 1 and 2 becomes heavier as the
pressure decreases. Figure 5.15 indicates that the overall mixture anywhere in zone 1
or 2 become heavier and the flowing gas becomes leaner as the pressure decreases
below the dew point pressure. For example, at T31, the overall C; mole fraction
decreases towards the well bore, indicating that the mixture becomes heavier. On the
other hand, the vapor phase or the flowing:/gas becomes leaner as we approach the

wellbore.
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Figure-5.15:Compasitions, profile, duringdrawdown.period of. lean Fluid A when the

probe pressure 1s below the dew point pressure.

Figure 5.16 shows overall and vapor composition at the probe grid block
versus time. For all components, the composition profiles in the vapor phase and
overall composition are presented in Appendix C. In the vapor phase at the probe cell,
the compositions of N, CO, and C; are increasing with time and the intermediate and
heavy components, C, up to Cs., are decreasing with time. On the other hand, in the
overall composition, N,, CO, and C; compositions are decreasing with time and the
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intermediate and heavy components, C, up to Cso+, are increasing with time. Hence,
the overall fluid at the probe becomes heavier and heavier while the flowing gas
becomes leaner and leaner.

Figures 5.17 and 5.18 show the shifting of phase envelope during depletion.
The initial reservoir pressure is 3474 psia, and the reservoir temperature is 251°F. The
phase envelope of initial lean Fluid A is shown as ZI in Figure 5.17. Initially, the
critical point lies to the left of the pressure path, which this is a gas condensate
behavior. As can be seen, the fluid switches from lean gas condensate behavior to rich
gas condensate behavior and to volatile oil behavior at 0.0128 hr or 46 sec. Since the
overall composition of the mixture at the probe cell is changing during the drawdown
period as shown in Figure.5:16,the associated critical properties and phase envelope
are also changing.

As fluid is drawnSome intermediate and heavy components in the gas phase
condense in the probe‘gridicell, and the averall mixture in the cell becomes richer in
heavy components. The 'phase envelope c;f_ probe fluid is shifting during production.
The critical point tends to'move clockwise j‘rd”und the phase envelope, and the phase
envelope itself tends to move te-higher prééshgg and to higher temperature as shown
in Figure 5.17. However, the critical point still iies to the left of the pressure path but
the critical point becomes nearer to the preséﬁfé path ling with increasing production
time. Hence, the fluid.behaves a richer gas condensate.

After time step T31, the probe fluid has a higher critical temperature than the
reservoir temperature. The_critical point lies to the right of the pressure path line as
shown in Figure 5.18. The phase envelope tends to moye toilower pressure and to
higher temperature as the pressure is depleted. Hence, the fluid at this time, 46 sec,
changes from & gas condensate system toavolatile @il system.<As explained earlier,
zone 1, where there 1s two phase flow, also develops at time step of T31 or 46 sec. It
indicates that fluid behavior changes from gas condensate to volatile oil as zone 1

develops.
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5.2.2 Phase Behavior during Build-f-_u"b.'.Period

During the buildup péribd, the probé'-b;(-es;sure ingreases to be above the dew
point pressure as shown in Figure 5.8, and we would expeCt the oil to revaporize into
gas. Figure 5.19 shows the phase envelope at the probe cell during the build-up test.
Initially, the fluid at thegprobe cell behaves like a volatile oil at the end of previous
drawdown.

At the probe grid block during build-up period, the phase envelope of the fluid
changeSa bit, and:the critical:point moves counterclockwise: Thistbehavior implies
that the fluid still behaves like a volatile oil and becomes a bit leaner during the build-
up period as a result of a little change in fluid composition which can be seen in
Figure 5.20. Since fluid composition is changing with the radial distance at the
beginning of build-up test as can be seen in Figure 5.21, each component tries to go
into the equilibrium. Hence, the composition at the probe cell changes. For example,
C1 mole fraction near the well is less than that away from the well at the beginning of

build-up result in the increase of C; at probe cell.
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Figure 5.22 shows condensate saturation of each block during the build-up

test. As can be seen, condensate saturation increases as the pressure increases at the
probe cell, R1, and at the cell adjacent to the probe cell, R2. This is the characteristic
of volatile oil system. On the other hand, the condensate saturation at R3 decreases as
the pressure increases because of revaporization. This is the characteristic of gas

condensate system.

Z1.T40,760 3 50 -- Bubble point line
I = E,L.\ -- Dew point line
| - . T ™ 40\ -- 50% liquid line
4000 e - -- Pressure path
build-up Ny
N,
3000 N
N
I
2 1
~ 2000
= N , N
o ‘ AN %
1600 ; B
'i 7
s
: Pl Py
P T TAMER = —
G L 400 - 500 BOC 700
Figure 5.19: Phase behavior at the uring buM-up period of lean Fluid A.
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5.3 Effects of Drawdown Rate

The objective of this section is to investigate the effects of drawdown rate. A
schematic of reservoir description for this case is shown in Figure 5.23. The same
reservoir model is used. We varied the drawdown rate as shown in Table 5.3. The
flow period consists of a 60-minute drawdown and a 60-minute buildup. The radial
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and theta permeabilities are still 5 mD while the vertical permeability is still 1 mD
resulting permeability anisotropy ratio of 0.2, the same as the base case. The
condensate saturation profiles at the end of drawdown of each case are shown in
Figure 5.24.

Figure 5.24 shows condensate saturation profile at the end of drawdown for
different drawdown rates obtained from reservoir simulation. The diagnostic plots of
the tests are shown in Figures 5.25 to 5.27. Figure 5.28 shows phase envelopes at the
end of drawdown for different drawdown rates. The analytical model used for
interpretation matched well with the data on lgg-1og diagnostic plot for all cases as

shown in Appendix D.

\\\\\\w 8,500 ft

Fluid A
P gen=3,468 psia

Pi=3474 psia

8,510 ft

Figure 5.23: A schematic of reservoir for different drawdown rates.

Table 5.3: Casexdefinition and pressure drop; ot each case.

* *

Case| Drawdown_ [0 AP AP
rate (psia)’ |toelow P gew
(Mscf/d) (psia)
A-rl 0.028 2.1 -3.9
A-r2 0.084 6.3 0.3
A-r3 0.168 12.9 6.9
A-r4 0.25 21.8 15.8
A-r5 0.50 66.2 60.2
A-r6 0.75 127.6 121.6
A-r7 1.00 223.8 217.8
A-r8 2.00 544.3 538.3

* pressure drop at the end of drawdown
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Figure 5.25: Derivative plot of lean Fluid A for case A-rl.
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Figure 5.26: Derivativeplots of lean Fluid A for case A-r2, A-r3, A-r4 and A-r5.
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Figure 5.27: Derivative plots of lean Fluid A for case A-r6, A-r7 and A-r8.



68

AR ARZ A-RZ A-RY A-RS ARBA-RT A-RE -- Bubble point line
5000 ] o Incfeasing -- Dew point line
- deawdown rate
i -- Pressure path
4000 —
3000 —
n B
S -
o —
w2000
‘:-I —
0 —
[}
E —
L —
1000

é’enﬂ oﬁ&jrﬁwdown for different drawdown rates for
Al .‘J:J.
.. -';- LY FlWﬂ}A{
~of
4 :..I - i’jfg

(P rE 7w A
Table 5.4: Interpreted results for different drawdown rates.

B Lles * E""‘f—i -
i 3 : Fi
Case Interpreted Error 2 'Skin | Riny | Ki/kyy
ky | Kilkey | Calc. k; | Ky | Kolkxy | Koo (ft) | (early time)
(mD) | (mD) (%) | (%) | (%)

L

A-rl | 295 | 0.200 0.97 -3.28 | 0.00 | -3.2 | 0.00 | 67.1 -

A-r2 | 2.82 40:236 1.09 ~94 18,004, 9.1+ 001 | 65.4 -

A-r3 | 2.831|0.284 1.09 -7.21 ¢ 17.00 85 | 0:.02 | 65.5 -

A-rd | 292 70.235 1.12 -4.26 | 17.50 | 12.4 | 0.13_|,65.7 -

A-r5/,2.93 710:283 1422 -8.93) 216,50y |911.9 | /052 65.7 -

A-r6 | 1295 |'0.223 1.08 -3.28"|"11:50° | 7.8+ 076 | 66.0 0.069

A-r7 | 293 | 0.226 1.09 -3.93 | 13.00 | 85 | 1.02 | 65.7 0.039

A-r8 | 292 | 0.232 1.11 -4.26 | 16.00 | 11.1 | 1.20 | 65.7 0.011

As can be seen in Table 5.3, the flowing probe pressure in the first case, A-rl,
remains above the dew point pressure for the entire test duration. The flowing probe
pressure at the end of drawdown period in case A-r2, case A-r3, A-r4 and A-r5is a

little bit below the dew point pressure whereas the flowing probe pressure at the end
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of drawdown period in case A-r6, A-r7 and A-r8 is below the dew point pressure. As
there is no depletion in the reservoir, the pressure at the end of build-up for all cases is
above the dew point pressure.

From Figure 5.24, condensate bank zone 1 develops at the end of drawdown
when using gas flow rate higher than 0.168 Mscf/d. With increasing drawdown rate,
the condensate bank size is increasing, both zonel and zone2 are increasing.

For case A-rl in Figure 5.25, the flowing probe pressure remains above the
dew point pressure. There is only single phase gas in the reservoir. The derivative plot
for the build-up following the drawdown oF thus case exhibits a negative half slope
straight line and a zero slope siraight lines as expected from single phase gas.
Therefore, this case will beused as a reference case to compare the derivative plot
with other cases.

For case A-r2, A-r3, A=r4 and A-r5in Figure 5.26, the flowing probe pressure
just drops below the“deww paint pressure. Thus, the oil drops out of the gas. The
diagnostic plots still exhibit a behavior similar to that in case A-rl. However, the
corresponding interpretation indicates a highéf total skin as shown in Table 5.4. This
is the effect of the condensate drop-out. Ih',q(':‘asle A-r2, the condensate saturation has
not yet reached the critical saturation, and only ‘z_ones 2 and 3 exist in the reservoir as
shown in Figure 5.24; Only the gas phase is prbduced, and the immobile condensate
appears as an additignal skin effect, known as condensate blockage. As can be seen in
Figure 5.24, case A-r3, A-r4 and A-r5 have all three zones in the reservoir but they
don’t show clearly the first.negative half slope straight line since the radius of zone 1,
which represents the upper negative half slope line,-is too shortito be monitored by the
derivative plot.

Foricase Acr6, A-r7 and A:r8 fin| Rigure) 527 the prabe pressure drops below
the dewgpoint pressure. Thus, condensate occurs. The derivative plots show two
negative half slope parallel straight lines indicating two different spherical mobilities,
a spherical composite behavior and followed by a zero slope straight line representing
radial flow. As the pressure decreases, the condensate saturation reaches the critical
value. At this point, the condensate becomes mobile, and zone 1 develops. All three
zones exist near the wellbore in the spherical flow regime as shown in Figure 5.27.
This yields a spherical composite behavior with the upper negative half slope straight
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line corresponding to the spherical mobility of condensate bank and the negative half
slope lower line corresponding to the spherical mobility of the original gas.

Consequently, the upper negative half slope straight line corresponding to
spherical mobility of condensate bank varies with the condensate saturation. The
derivative plots show noticeable spherical composite behavior when using drawdown
rate of 0.75 Mscf/d or higher, in case A-r6, A-r7 and A-r8 since drawdown pressure in
these cases is high enough to develop zone 1, which has condensate saturation higher
than the critical condensate saturation.

The heavy component drops out of-the«gas phase and accumulates near the
wellbore resulting in the changing of fluid composition near wellbore region and also
changing phase envelope,«t:€ critical \point moves clockwise, as shown in Figure
5.28. The fluid at the probeccell in_case A-rl and A-r2 still behaves like a gas
condensate at the end of drawdown while fluid at the probe cell in case A-r3, A-r4, A-
r5, A-r6, A-r7 and A=r8 behaves like a volatile oil system. As the drawdown rate
increases, the pressure drop ingreases and-also the condensate drop out, or the heavy
component, increases. Hence, the fluid becﬁo?nes richer in heavy component as the
drawdown rate increases. ==

The interpreted results in table 5.4 confi_rm again that WFT pressure response
in lean gas condensate reservoir can be used {0 estimate FEservoir permeabilities with
an acceptable value even when condensate banking occurs. The error of estimated
horizontal permeability; (k) is ess than 7.5%, and the error of estimated vertical

permeability (k;) is smaller.than 12.5%.
5.4 Effects of Initial fluid Composition

The objective of this section is to investigate the effects of initial fluid
composition. The same tests were used for richer gas condensate. Fluid B is richer
than Fluid A, and Fluid C is richer than Fluid B. The flow period consists of a 60-
minute drawdown and a 60-minute buildup. The radial and theta permeabilities are
still 5 mD while the vertical permeability is still 1 mD resulting permeability
anisotropy ratio of 0.2. A schematic of reservoir description for this case is shown in
Figure 5.29.
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Fluid composition and fluid property are changed from Fluid A to richer gas
condensate. In this section, Fluid B and C were used to simulate formation tests with
seven different drawdown rates as shown in Table 5.5. Fluid B has a maximum liquid
drop-out of 3.41%, reservoir temperature of 270°F, initial reservoir pressure of 5850
psia, dew point pressure of 5847 psia and critical condensate saturation of 0.246.
Fluid C has a maximum liquid drop-out of 19.24%, reservoir temperature of 230°F,
initial reservoir pressure of 3730 psia, dew point pressure of 3724 psia and critical
condensate saturation of 0.240. Fluid comﬁ%@s are presented in Chapter 4.

The condensate saturation profiles ai-the_end of drawdown from reservoir
simulation runs are showp;ia.Figures 534 and 535, The diagnostic plots of the build-
up tests are shown in FM{ 6to 5.83, and the Interpreted results are tabulated in
Tables 5.6 and 5.7. Ph
and 5.37. The analytical mflodé! dsed for interpretation matches well with the data on

—

the log-log diagnostic'ploforall cases asshown in Appendix D, which an analytical

e é:.lop‘es ealculated by PV/Ti are shown in Figures 5.36

o

model is shown as a green line and the pressure derivative is shown as a red line.
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e
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Figure 5.29: Asschematic.of resernvoir far different initial fluid compositions.



Table 5.5: Case definition and pressure drop for Fluid B and Fluid C.
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*

*

*

*

Case | Drawdown | AP AP Case | Drawdown | AP AP
rate (psia) | below Pgew rate (psia) | below Pgey
(Mscf/d) (psia) (Mscf/d) (psia)
B-rl 0.028075 2.1 -0.9 C-rl | 0.028075 2.8 -3.2
B-r2 0.084225 6.4 34 C-r2 | 0.084225 8.3 2.3
B-r3 0.168450 15.3 12.3 C-r3 | 0.168450 | 26.7 20.7
B-r4 0.25 29.7 26.7 C-r4 0.25 102.3 96.3
B-r5 0.50 91.9 88.9 C-15 0.50 280.5 274.5
B-r6 0.75 187.0 184.0 C-r6 0.75 473.6 467.6
B-r7 1.00 2888 285.8 C-r7 1.00 651.1 645.1
* pressure drop at the end of.drawdown
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Figure 5.30: Derivative plots for case B-rl, B-r2, B-r3 and B-r4.
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Figure 5.32: Derivative plots for case C-r1, C-r2 and B-r3.
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drawdown rates for Fluid B.
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Table 5.6: Interpreted resul o;' , r f vdown rates using Fluid B.

(ft) (early time)

0.00 | 87.5 -

0.00 | 86.6 -

88:1 017 | 86.0 -

043 | 85.9 -

0.842/:84.8 | 0.09875

1)14))| '85.6 | 0.06387
1.28 | 85.6 | 0.03956
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Table 5.7: Interpreted results for different drawdown rates using Fluid C.

Case Interpreted Error Skin | Riny Kz/Kyy
kxy kZ/ kxy Calc. kz kxy kZ/ kxy kz (ft) (early time)
(mD) (mD) | (%) | (%) | (%)
C-rl | 292 | 0.254 1.22 -4.26 | 27.00 | 21.6 | 0.01 | 64.0 -
Cr2 | 294 | 0.25 1.20 -3.61 | 25.00 | 20.5 | 0.02 | 64.2 -
C-r3 | 2.89 | 0.268 1.27 -5.25 | 34.00 | 27.0 | 0.45 | 63.6 | 0.0997
C-r4 | 295 | 0.241 1.17 -3.28 /1 20,50 | 16.5 | 1.40 | 64.3 | 0.0056

C-r5 | 290 | 0.253 1.20 -4.9226050,| 20.3 | 1.73 | 63.7 | 0.00046
C-r6 | 2.86 | 0.249 . rr 2 -6.23 | 2450 | 16.7 | 1.86 | 63.4 | 0.00019
C-r7 | 291 | 0.245 deri-7 -459 | 22504 169 | 1.93 | 63.8 | 0.00019

As can be seen ingFable 5.5, the flowing probe pressure in case B-rland case
C-rl remains above the dew point pressure for the entire test duration. The flowing
probe pressure in thefother cases is below. the dew point pressure. As there is no
depletion in the reservair, the pressure at fh_e end of build-up for all cases is above the
dew point pressure.

From Figures 5.30 t0 5.33; the ric'ﬁ{éf.g_as condensate Fluid B and C exhibit
similar derivative behavior to that of the Ie}aneﬁr Fluid A, i.e., a spherical composite
behavior and radial flow behavior are obsé'r\'/.e-d- from the derivative plot when three
radial zones developed In the reservoir. As can be seen in Section 5.3, Fluid A
exhibits the spherical composite behavior at drawdown rate of 0.75 Mscf/d and
higher. From Figures 5.31 and 5.33, Fluid B.exhibits the spherical composite behavior
at drawdown (rate: of 0.5 Mscf/d -and higher whereas Fluid, C exhibits the same
behavior at rate"of 0.168 Mscf/d and higher. Fluid B is richer than Fluid A, and Fluid
C is richenthan-Fluid B: Thesricher gas cendensates have:more amount of condensate
drop-out-for the same pressure drop. This is why the richer fluids exhibit the spherical
composite behavior at a lower rate.

Figures 5.34 and 5.35 show condensate saturation profile at the end of
drawdown for different drawdown rates for Fluid B and C, respectively. For Fluid B,
condensate bank zone 1 develops at the end of drawdown when using gas flow rate
higher than 0.168 Mscf/d (case B-r3). With increasing drawdown rate, the condensate
bank size is increasing (both zonel and zone2). For Fluid C, when using gas flow rate
higher than only 0.084 Mscf/d (case C-r2), condensate bank zone 1 can develop at the




78
end of drawdown. Similar to Fluid A and B, condensate bank size is increasing (both
zone 1 and zone 2) with increasing drawdown rate. This clearly shows that the
condensate increases in size as the drawdown rate increases.

Phase envelopes in Figures 5.36 and 5.37 clearly show that the shifting of
phase envelope in richer gas condensate is similar to that occurrs in lean gas
condensate, i.e., critical point moves clockwise, and fluid behavior changes from lean
gas condensate behavior to rich gas condensate behavior and to volatile oil behavior
as the drawdown rate increases. The heavy component drops out of the gas phase and
accumulates near the wellbore resulting in-thechanging of fluid composition near
wellbore region. As the drawdowin rate increases, the pressure drop increases and also
the condensate drop outy~Or-the heavy component, increases. The richer gas
condensates have more amount Of condensate drop-out for the same pressure drop.
This is why the richer fluids/change the behavior from gas condensate behavior to
volatile oil behavior at'a lower rate,

The interpreted results in <Tables 5.6 and 5.7 show that WFT pressure
response in rich gas cendensate reservolir“ can be used to estimate reservoir
permeabilities with an acceptable value evéfh‘wl_hen condensate banking occurs. The
error of estimated horizontal permeability (kxy)_ is less than 7.5%, and the error of
estimated vertical penmeability (k;) is no Iargér than 27%. The upper negative half
slope straight line carresponding to spherical mobility of condensate bank varies with
the condensate saturation. The reduction in condensate spherical mobility is higher

than the lean gas condengate case because of higher condensate blockage.
5.5 Effects of Test Duration

The objective of this section is to study the effect of test duration by varying
drawdown period and build-up period. Tests with five different durations of buildup
and drawdown periods as shown in Table 5.8 were simulated. The horizontal
permeability (ky) was set equal to 5 mD, and the vertical permeability (k;) was set
equal to 1 mD. Thus, the permeability anisotropy is 0.2 mD. The flow rate of the tests
was set at 2Mscf/d to draw Fluid A. The probe position was set at the middle of the

reservoir as shown in Figure 5.38.
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After formation tests were simulated, the pressure responses for these different

cases were interpreted using Saphir. The analytical model used for interpretation
matched well with the data on log-log diagnostic plot for all cases as shown in Figures
D23 to D27 in Appendix D, which an analytical model is shown as a green line and

the pressure derivative is shown as a red line.

8,500 ft

2Mscf/d

STD Probe

8,510 ft

Figure 5.38: Schematig of @ single layer ir with different test durations.

e

Table 5.8: Case definition for different te
TR
Case | Drawdown{-Brawdown-+Build-tp-+— Al AP
rate below Pgew
(Mscfid) (psia)
A-tl 200 |« =150 30,0 467.7 461.7
A-t2 0l | ] 7150 ¢ ‘ﬂ%ﬁlﬂf 1 4617
A-3 2007 "7 300 ~|" 300" | "6227 |7 5167
A-td 2.00 300 ¢| 600 [=5227 516.7
F i
B ST ANAL T GAL TANALTESiaNe §

* pressure drop at the end of drawdown
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Figure 5.40: Derivative plot for different build-up duration.
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(a): Derivative plot of case A-tl and case A-t3.
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Figure 5.41: Derivative plot for différén@ drawdown duration (continued).

Since the simulation Was performed for Fluid A with drawdown rate of 2
Mscf/d, the spherical-cempesite-behavior-should-be-seen in the derivative plots. As
expected, diagnostic ptots of all cases show spherical composite behavior. However,
the prominent of the upper negative half slope line of each case is different as shown
in Figure 5.39.

Figure 5,40 shows derivative plots of case A-t1in comparison with case A-t2
and derivative plots of case A-t3.in comparison with case A-t4 it which the build-up
time is increases while'keeping thetsame drawdown duration. ‘'The derivatives exhibit
the same behavior for the same drawdown duration. This is a result of the same
pressure drop and the same condensate saturation profile at the end of drawdown as
shown in Table 5.9. However, radius of investigation is longer as we increase the
build-up time, as shown in Table 5.10 since the results are interpreted from the
derivative plot of the build-up period.

From Figure 5.41, derivative plots show that the upper negative half slope

straight line can be seen clearer as we increase the drawdown time while keeping the
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same build-up time. This is a result of the difference in condensate saturation profile
at the end of drawdown as shown in Table 5.9, as can be seen by comparing case A-tl
with case A-t3 and comparing case A-t2 with case A-t4 and case A-t5. As expected,
radius of investigation is approximately the same due to the same build-up time as
shown in Table 5.10.

The interpreted results in Table 5.10 show that the spherical and horizontal
permeabilities obtained from the tests are close to those used in simulation with an
acceptable value. The error of estimated howzontal permeability (k) is less than 6%,

and the error of estimated vertical permeability.(k?) is no larger than 13%.

Table 5.9: Block condensate saturation for different test durations.

Case | Drawdown | Build-tp _ " Block condensate saturation
time timne rd

(mins) (mins) R1).* R2 R3 R4 R5
A-tl 15.0 30:0 0.3097 .| 0.24939 | 0.00657 | 0.0005 0
At2 | 150 60.0 | 0.3097 | 0.24939 | 0.00657 | 0.0005 | 0
A3 | 300 300 .1 06.3133 0.25829 | 0.01417 | 0.0010 | O
Atd | 300 60.0 © | 0.3133 | 0.25829 | 0.01417 | 0.0010 | 0
A-t5 60.0 60.0 0.3147 /1 0.26396 | 0.03250 | 0.0020 0

Table 5.10: Interpreted results for different test durations.

Case Interpreted Error Skin | Rinv | Ki/kyy

kxy kZ/ kxy Calc. kz kxy kZ/ kxy kz (ft) (early time)

(mD) (mD)" = (%) 1 (%) - (%)

A-t1 | 2.88 | 0.235 1.11 -5.57 | 17.50.| 11.0 | 1.052/747.4 | 0.02308

A-t2 $.290 | 0221 1.05 -4.92 /110,50 | 15.1- | 1104y | 67.2 | 0.03539

A-t3 | 12.88 | 0.239 1.13 -5.57 | 1950 | 12.8 | 1.15 | 47.3 | 0.01051

At4 | 291 | 0.217 1.04 -459 | 850 | 35 | 1.15 | 67.3 | 0.01743

A-t5 | 2.98 | 0.217 1.06 -2.30 | 850 | 6.0 | 1.20 | 68.1 | 0.02097
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5.6 Effects of Probe Size

The objective of this section is to study the effects of probe size on pressure
behavior in gas condensate reservoir by varying the probe size. Three different probe
sizes were considered to simulate formation test: 0.15, 0.85, and 2.16 square inches
representing cross sectional area of standard, large, and extra-large probe,
respectively. Three different cases were qefined and simulated as shown in Table
5.11. The schematic of reservoir descriptidr(@wn in Figure 5.42. The radial and
theta permeabilities are 5 mD-and the vertical-permeability is 1 mD. The flow rate of
the tests was set to be L.Msef/d.to draw Fluid A-TFhe flow period consists of a 60-
minute drawdown and r:?fvﬁ‘te buil“ up. The grid'model used has to change from
case to case. Hence, t / énd vertiggllgrid sizes, which represent the probe area,

were changed as shown i pehdix A. —’_:

After running thersimulation folﬁ the test, the pressure response was then
iy

lagnosti¢ plots _pf_lhe tests are shown in Figure 5.43, and

picted-in 'I%éjq,!_e 5.12. The analytical model used for

interpretation matched well with- the data@iﬁg-log diagnostic plot for all cases as

interpreted by Saphir.
the interpreted results are

shown in Figures D28 to D30.if Apperidix D, Which an analytical model is shown as

a green line and the.prfessure derivative is shown as ared ﬁne.
\7 X

Top boundary

T T
T A A T T
g R A R R N A A

8,500 ft
Ky =5mD
k,=1mD

Fluid A
8,510 ft

NN\

Bottom boundary

Figure 5.42: Schematic of a single layer reservoir with different probe sizes.



Table 5.11: Case definition for different probe sizes.

*

*

Case | Probe size | Drawdown AP AP
(in%) rate (psia) | below Pgew
(Mscf/d) (psia)
A-STD 0.1521 1.00 223.8 217.8
A-L 0.8495 1.00 71.1 65.1
A-XL 2.0110 1.00 35.2 29.2

* pressure drop at the end of drawdown

Table 5.12: Interpreted results for different probe sizes.

85

Case Interpreted \ Error SKin | Rinv | Ki/Kyy

kxy kz/kxy CaIC kZ ny kz/kxy kz (ft) (early

(mD) (mD)+ =(%) | (%) | (%) time)
A-STD | 2.93 | 0.226 £.09 -3.9 | 13.00 | 86 | 1.02 | 65.7 | 0.0394
A-L | 293 | 0232 f141 -89 1600 | 11.4 | 0.80 | 658 | 0.0499
A-XL | 291 | 0.232 111..-45,46.00 | 10.7 | 0.57 | 65.5 | 0.0690
E I TTTTTn +I+I_'|_I_I'_I‘I‘I 1'.I—lfll!”:',.,":lj,l.ﬂI:I”:” , I: I:II:III! , I:I:III:III 1 IIIIE
1E+7 e & =
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Time [hr]

Figure 5.43: Derivative plot for different probe sizes.
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Figure 5.44: Condensate/sa-t‘uratio_n_l profi Iztr_the end of drawdown for different probe
I

’ | ‘ . o sizes.

#

From Table 5.11, t,he standard pro'be size, case A-STD, has the highest
pressure drop, and the extra- Iargerprobe splzeicase A-XL, has the lowest pressure

drop. Hence, the pressure drop is decreasedr as probe area rs increased. The spherical

flow model can be mgtcned with the data at time between ’ 001 hr to 0.01 hr. At late
times, after 0.05 hr, the radlal flow model can be matched to the data.

The log-log derlvatlve plots of all tests are compared in Figure 5.43. The
arrow in the plot"shows the ‘direction’ forincrease in: probe;area. It indicates that
spherical compasite behavior can be seen clearly in the standard probe and the large
probe. Fhesupper negative-half-slope straight line-for,smaller-probe gan be seen more
clearly since smaller flow ‘area has higher pressure ‘drop-due to ‘partial penetration,
creating a higher skin as shown in Table 5.12, and higher condensate saturation as
shown in Figure 5.44.

The interpreted results in Table 5.12 show that the spherical and horizontal
permeabilities obtained from the tests are close to those used in simulation with an
acceptable value. The error of estimated horizontal permeability (kyy) is less than 4%,

and the error of estimated vertical permeability (k;) is no larger than 12%.
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5.7 Effects of Probe Position

To understand the effect of the probe position on the pressure behavior and
condensate saturation, we ran a total of eleven cases at different probe positions. The
probe position was set at the middle of the formation, 0.5, 1, 2, 3 and 4 feet away
from the middle of the formation.

In these cases, grid sizes in the theta and radial directions are the same as those
in the base case. The z-direction grids w/e«r’é'{rﬁsued corresponding to the probe
position. The standard probe size was g;ed for-ali-eases. The initial z grid size which

represents the probe arga«is the same. The example of resized grid is shown in

Appendix A. The schaaﬂafﬂreserv ir descriptionis shown in Figure 5.45. The
radial and theta permeabilities are 5 mé and the vertical permeability is 1 mD. The
flow rate of the tests v%aa 'e lMscﬂd to draw Fluid A. The flow period consists
of a 60-minute drawdown and -'60',-m|[§gte buildup. After running simulation, the

iy \ , .
pressure response was thendinterpreted by.,_$je;pp|r. The diagnostic plots of the tests are

shown in Figure 5.46, and t

intgrﬁretedffmgults are summarized in Table 5.13. The
analytical model used for inté'i@étationﬁaﬁ_iﬁhed well with the data on log-log
diagnostic plot for all cases as shown in Figures D31 to D40 in Appendix D, which an

analytical model is s_hbwn as a green line and the pressuré: derivative is shown as a red
Y A

line.

Top boundary

> AN 8,500 ft

8,510 ft

Bottom boundary

Figure 5.45: Schematic of a single layer reservoir with different probe positions.



Table 5.13: Interpreted results for different probe positions.
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Case AP Interpreted Error Skin | Rinv | Ko/Kyy
(psia) | kyy | ki/key | Calc. | kyy | kilkyy | k; (f) | earty

(mD) k; (%) | (%) | (%) time)

(mD)
Above4ft | 223.6 | 2.88 | 0.226 | 1.07 |-5.6 | 13.00 | 6.7 | 1.01 | 65.2 | 0.041
Above3ft | 2236 | 288 | 0235 | 111 |-56 | 1750 | 11 | 0.99 | 65.2 | 0.041
Above2ft | 223.6 | 290 | 0.230 | .1.09 |49 | 1500 | 9.3 | 1.00 | 65.4 | 0.040
Abovelft | 223.7 | 293 | 0.226 | 1.09 |+39 413.00 | 86 | 1.02 | 65.8 | 0.039
Above0.5ft | 223.7 | 2.87 | 0.244 | 1.15 | 5972200 | 14 | 1.02 | 65.1 | 0.041
Middle 2238 | 293 [ 0226, 1.09 |-39 | 1300 | 8.6 | 1.02 | 65.7 | 0.039
Below0.5ft | 223.8 | 2.90 | 0.240 114 |-49 | 20.00 | 14 | 1.03 | 65.4 | 0.040
Belowlft | 2239 | 291" 02874 113 | -4.6 | 1850 | 13 | 1.02 | 65.6 | 0.040
Below2ft | 224.0 | 2.86.470.245//1.15 | 6.2 12250 | 14 | 1.04 | 65.0 | 0.042
Below3ft | 224.0 | 2.90 #0.229/ /1.09 i 49| 1450 | 8.9 | 1.02 | 65.4 | 0.040
Below4ft | 224.1 | 290 | 0.217 | 1.03 | -49 | 850 | 3.2 | 1.00 | 65.4 | 0.040
")
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Figure 5.46: Derivative plot for different probe positions.
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If the probe is not centered in-the fermatron the spherical flow regime ends

when the closest upper or lower boundary |s reached Then, hemispherical flow

geometry develops l._J_r_j,’ul the second boundary is seen. Trre_,log log derivative plots of
all tests are shown in Fi'gure 5.46. The arrow in the plot sxhows the increase in distance
to the middle of formation. As expected, the derivative |elot shows one more negative
half-unit slope straight line, where the last-one is'a result of the hemispherical flow.
The probe at theisame distance from either the top or the bottom boundary results in
the same, pressure derivative behavior because-of symmetry:

However, It can be'seen-that ‘position of the probe doesn’t-affect the upper
negative half slope straight line which is condensate banking effect since the change
in position still results in the same pressure drop and also the same condensate
saturation as shown in Table 5.13. There is only an influence on the lower negative
half slope line due to the hemispherical flow as explained earlier. The longer the
distance to the middle of the formation the probe is, the more noticeable the
hemispherical flow, hence the shorter the spherical flow regime. This will affect the

determination of spherical permeability. It should be noted that the hemispherical
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flow may affect the upper negative half slope line if the size of condensate bank is
larger than the spherical flow regime due to the increase of test duration or the
increase of drawdown rate or the rich of the initial fluid. The interpreted results in
Table 5.13 show acceptable values of estimated permeabilities. The error of
estimated horizontal permeability (k) is less than 6%, and the error of estimated

vertical permeability (k) is no larger than 15%.
5.8 Effects of Permeability Anisotropy

In any model wheresthere1s a vertical contribution to flow, there must also be
a pressure drop in the verticaldirection, and vertical permeability has to be considered
along with the radial permeability. The‘.pressure drop due to the spherical flow is a
near-wellbore effect caused by the anisotxrapy. To observe the effect of permeability
anisotropy on the pressuge behavior and condensate drop-out, five simulation cases
were conducted for different permeabiIity*gn_i,_sotropies starting from a k./k,y ratio of
0.1 to 1 with intermediate ratios of 0.2, 0.5 and 0.8. The radial and theta
permeabilities were controlled.at-5- mD ari'd the vertical permeability was changed
from case to case corresponding to- permeability.anisotropy ratio as shown in Table
5.14. Fluid A was drawn at 2 Mscf/d, and the flow peried consists of a 60-minute
drawdown and a 60-minute build-up. The probe position was set at the middle of the
formation. The schematic of reservoir description is shown in Figure 5.54.

After running reservoir simulation, the pressure response was then interpreted
by Saphir. The interpreted results can be seen in Table 5.15.The diagnostic plots of
the tests are shown in Figure 5.49¢ The condensate saturation grofile is shown in
Figure 5,50, The analytical model used for interpretation-matched well with the data
on log-log diagnostic plot for all cases as shown in Figures D41 to D45 in Appendix
D, which an analytical model is shown as a green line and the pressure derivative is

shown as a red line.
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Table 5.14: Case defi

Case Ky | kef
(mD)
A-0.5kz 5 .
A-1kz 5 0.2
A-2.5kz 5 0.5
Adkz | 5 | 08 | 4 0 | 29
* pressure drop at the eﬂ of dr !:r]
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Caﬁ f tef(mtg F o I 148 .ﬁ) ﬁ( jinv kz/kxy
Ky ¥ | Galclk, d kg || K/ %VW] () | ary
q | (mD) (mD) | (%) | (%) | (% time)

A-0.5kz | 3.12 | 0.113 0.58 2.3 | 13.00 | 15.6 | 1.25 | 67.9 | 0.0023

A-1kz | 2.92 | 0.232 1.11 -43116.00 | 11.1 | 1.20 | 65.7 | 0.0109

A-25kz | 29 | 0.583 2.77 -49 1 16.60 | 10.9 | 1.05 | 65.4 | 0.0893

A-4kz | 2.96 | 0.828 4.02 -3.0| 350 | 04 | 093 | 66.1 | 0.1934

A-5kz | 2.89 | 1.140 5.40 -5.2 11400 | 8.0 | 0.87 | 65.3 | 0.2955
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The log-log derivative plots of all these tests are shown in Figure 5.49. The
arrow in the plot shows the decrease in permeability anisotropy. It can be seen that the
period of spherical flow regime is longer as a permeability anisotropy ratio decreases.
Therefore, in order to see the radial flow regime in very low permeability anisotropy
reservoir, the test needs to be conducted for a longer drawdown time or longer build-
up time or higher drawdown rate.

As Kk, decreases, the upper  negative half slope straight line becomes
increasingly evident. Since the pressure drop-due to the spherical flow is a near-
wellbore effect caused by the anisotropy,..ihe pressure drop increases as the
permeability ratio, k./kyy, decreases (permeability anisotropy increases). This results in
an increase in total skin assshown in Table 5.15, an increase in condensate saturation
as shown in Figure 5.50 and also.an increase in clarity of the upper negative half slope
straight line as shown in Figure 5.49. 1t should be noted that the spherical composite
behavior may not be seen if the permeability.ratio is too high as shown in case A-5kz.

The interpretedsresults‘in Table 5.15 show acceptable values of estimated
permeabilities. The errog of estimated ho_ri.'zdhtal permeability (kyy) is less than 5%,

and the error of estimated vertical permeabi;lqi't‘y (kz) Is no larger than 16%.
5.9 Effects of Horizontal Permeability

To study the effect of horizontal permeability ‘on the pressure behavior and
condensate drop-out, fiveSimulation caseS-were conducted for different horizontal
permeabilities/while keeping the permeability: anisotropy ratio at 0.2. The radial and
theta permeabilities were varied from 1 mD to 100 mD with intermediate value of 3,
5, 8, 1®ana'30 mDywhile the vertical permeability was changed from case to case to
obtain permeability anisotropy of 0.2 as shown in Table 5.16. Fluid A was drawn at 1
Mscf/d and the flow period consists of a 60-minute drawdown and a 60-minute build-
up. The probe position was set at the middle of the formation. The schematic of
reservoir description is shown in Figure 5.51. After running simulation, the pressure
response was then interpreted by Saphir. The analytical model used for interpretation
shows good matches on log-log diagnostic plots for all cases except for the case A-1k

which cannot match with an analytical model as shown in Figures D46 to D52 in
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Appendix D, which an analytical model is shown as a green line and the pressure

derivative is shown as a red line. The interpreted results can be seen in Table 5.17.

8,500 ft

1Mscf/d

8,510 ft

. F ::*‘-_ = . .
Figure 5.51: Schemati€ o a"éy‘l jleke ervoir for different horizontal

Case | ke |7 %1 ke | Drawdown

A-1k 1

R R+ I

A8k | 87| 16 | 488 | 10 | 1091

10K, 42110, 4200 <h 6101 | @ 180~ 7h 477 ﬁ'ﬂ
A-s0k ['sol 710 I[! 3050 1o | P
A-100K 100 | 20 61.0 1.0 3.7

* pressure drop at the end of drawdown



Table 5.17: Interpreted results for different horizontal permeabilities.

Case Interpreted Error Skin | Rinv | Ki/kyy
kxy kzl kxy Cal C. kz kxy kzl kxy kz (ft) (early
(mD) (mD) | (%) | (%) | (%) time)

Alk | - - - - - - - - -

A-3k 1.74 | 0.234 0.67 -49 11700 | 11.2 | 1.1 | 50.8 | 0.0082

A-5k | 2.93 | 0.226 1.09 -39 | 13.00 | 86 | 1.0 | 65.7 | 0.0394

A8k | 473 | 0222 | 172 | 81 411.00| 76 | 08 | 83.6 | 0.0910

k-10k | 5.82 | 0230 | 219 | 4649500 | 97 | 07 | 927 | 0.1124

A-50k | 28.1 | 0.240 | 11.06 | -7.9 {72000 | 10.6 | 0.0 | 204 -

A-100k | 60.2 | 0.224 42213 |:1.3 | 12.00.{ 105 | 00 | 298 -
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Figure 5.52: Derivative plots for different horizontal permeabilities.
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Figure 5.53: Conden at?/saturatlon for different horizontal permeabilities.

The permeability mdwate&how eéy:ﬂwd can flow through the rock. As
horizontal permeabll_llty increases; ‘the flutdi“eén' flow through the reservoir easier,

of the formation test as=shown in Table 5.17, and also hfgher fluid mobility as can be
observed as lower derivative curve in Figure 5.52. This'is why the stabilization lines
corresponding te radiakflow.regime are @hserved earlier as-permeability increases.

The derivative "plots‘of all*tests except case A-1k are'shown in Figure 5.52.
The derivative plot of case A-1k cannot be interpreted because the formation is too
tight resulting in the uncantrolableflow rate and also the unstakle pressure response.
The arrow in the plot shows the increase in horizontal permeability. As can be seen
from the figure, spherical composite behavior can be observed on derivative plot in
low permeability reservoir. However, it’s difficult to notice condensate banking effect
when the horizontal permeability is too high.

As kyy decreases, the upper negative half slope straight line due to condensate
banking effect becomes increasingly noticeable. The pressure drop increases as the

permeability decreases. This results in the increase in total skin, higher condensate
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saturation due to more condensate drop-out as shown in Figure 5.53, and also clearer
upper negative half slope straight line. It should be noted that the spherical composite
behavior may not be seen if the permeability is too high (higher than 8 mD in this
study).

The interpreted results in Table 5.17 show acceptable values of estimated
permeabilities. The error of estimated horizontal permeability (k) is less than 8%,

and the error of estimated vertical permeability (k;) is no larger than 11%.
5.10 Effects of Initial Reser\J/oir Pressure
|

To understand..& ef ELof res rvoir pressure on the pressure behavior and

pressures: 3474, 3468, 3400 3000‘2600 and 2200 psia. The dew point pressure
of Fluid A is at 3468 r()?/T € Condensate saturation.is not zero when the reservoir
oj-'ng, p[éésuré;- Fluid A was drawn at 1 Mscf/d, and the

condensate saturation, / S|mu|at|on cases were carried out at different reservoir
2

pressure is below the dew
flow period consists of a 60;fﬁinqt_gi'draw'gﬂMn and a 60-minute build-up. The probe
position was set at the middle of "iHéformaﬁb?x?ﬁhe radial and theta permeabilities are
5 mD, and the vertical permeablhty is 1 me Tneschematlc of reservoir description is

shown in Figure 5. 544 After running reservoir S|mulat|od Ihe pressure response was

then interpreted by ’S’éphlr The interpreted results can ‘bé seen in Table 5.18. The
analytical model used for interpretation matched wel with the data on log-log

diagnostic plot for all cases-as shown in Figures D53 to D59 in Appendix D

IHUNDNHNNERRR TN ¢ 500 ft
ﬂ\: 5 ft Ky =5mD

1Miscf/d Fluid A

k,=1mD
5f  Pi=3474, 3468, 3460, 3400, 3000, 2600 and 2200 psia

8,510 ft

Figure 5.54: Schematic of a single layer reservoir with different reservoir pressures.
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Figure 5.55: Derivative plot for different reservoir pressures.

(b): For reservoir pressure below 3,000 psia.
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Table 5.18: Interpreted results for different reservoir pressure.

100

Case AP Interpreted Error Skin | Rinv | Ki/kyy

below | ki |ki/ke | Calc. | Ky | kifkey | k; (fY) | (early

Pdew (mD) k, (%) | (%) (%) time)

(psia) (mD)

A-2200 | 1764 | 291 | 0.236 | 1.13 | -4.6 | 18.00 | 12.6 | 0.63 | 54.0 | 0.0689
A-2600 | 195.7 | 2.89 | 0.230 | 1.09 | -5.2|15.00 | 9.0 | 0.81 | 57.8 | 0.0528
A-3000 | 2247 | 291 | 0219 | 1.04 | 46 950 | 45 | 0.99 | 61.7 | 0.0346
A-3400 | 2225 | 292 | 0.224 | 107 |-43 41200 | 7.2 | 1.03 | 65.1 | 0.0367
A-3460 | 218.7 | 291 | 0.228 | 109 | -46+14.00 | 8.8 | 1.02 | 65.5 | 0.0393
A-3468 | 218.2 | 291 | 0.230 | .1.10 | -4.6 1 15.00 | 9.7 | 1.03 | 65.4 | 0.0400
A-3474 | 2178 | 2.93 | 0.226" 409 | -39 | 13.00 | 8.6 | 1.02 | 65.7 | 0.0394

The log-log derivative plots of all these fests are shown in Figure 5.55. The
arrow in the plot shows the increase in;innitial reservoir pressure. The different in
initial reservoir pressure gauses the different in initial condensate saturation as shown
in Figure 5.56. It shows that spherical corﬁ_posite pehavior can be seen clearly when
the initial reservoir pressure is .above 2,600 psia as shown in Figure 5.55. The
derivative plots are approximately the saméf'V\}ﬁén the reservoir pressure is more than
3,000 psia as shown in Figure 5:55(a) becauée'drawdown pressures are approximately
the same and resulting-in-the same condensate saturation profiles as shown in Figure
5.57.

When comparing between reservoir pressure of 2200 psia and 2600 psia,
Figure 5.55(b)~shews ithat-the, upperqnegative, half, slope-straight line can be seen
clearer when the reserveir pressure-is 2600psia whereas the condensate saturations at
the probe cell are approximately the same as shown in Figure®6:57. However, the
condensate saturation at the bloek.adjacent to the probe blockiin case of 2600 psia
initial reservoir pressure is higher because of higher pressure drop. This is why the
spherical composite behavior can be seen clearer as the reservoir pressure increases.

The interpreted results in Table 5.18 show that WFT pressure response in gas
condensate reservoir can be used to estimate reservoir permeability with an acceptable
error even when the reservoir pressure is below the dew point pressure. The error of
estimated horizontal permeability (k) is less than 6%, and the error of estimated

vertical permeability (k;) is no larger than 13%.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

In this chapter, the conclusions of simulated wireline formation test in gas
condensate reservoir under certain reservoir conditions are presented. The

recommendations for future works are also outlined.
6.1 Conclusions

In this study, a reseivoirstimulator was used to simulate pressure response in a
single layer homogeneous gas .condensate reservoir when tested with a wireline
formation test. A numberO©f simulations were run to investigate condensate bank on
the pressure behavior and also on jthe phase behavior under different reservoir
conditions. After that, a‘pressure transienf analysis software was used to interpret the
pressure response from the simulation by u.siﬂ'né;' formation test model option.

Initially, a single probe formatio‘r'{ "tg§t was simulated in a single layer
homogeneous reservoir using lear gas condenséte in order to investigate the pressure
behavior, derivative behavior and also phasé behavior when the flowing probe
pressure is above and below the dew point pressure.

Then, the model was modified to examine the effects of important parameters.
The influences of drawdown rate, initial reservoir fluid, test duration, probe size,
probe position; initial- reservoir pressure, | permeability. anisotropy and horizontal
permeability are investigated.

From the simulation and interpretation results shown in Chapter 5, it can be
concluded as follows:
1. When the flowing probe pressure is higher than the dew point pressure, the
derivative plot exhibits two responses which are (1) a negative half slope
straight line corresponding to spherical flow near the wellbore and (2) a
zero slope straight line stabilized at the effective gas permeability
corresponding to radial flow regime.
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2. When the flowing probe pressure is lower than the dew point pressure, a
spherical composite behavior (parallel negative half-unit slope straight
lines) and radial flow behavior (zero slope straight line) can be observed
from derivative plot obtained from wireline formation test data in gas
condensate reservoir as condensate bank develops in the reservoir.

a. The upper negative half slope straight line (condensate drop out
effect) on the derivative plot corresponds to the spherical
mobility of condensate.bank while the lower negative half
slope straight line cerresponds to the spherical mobility of
original gas-in spﬁerical flow regime.

b. The.zero=slope straight line corresponds to the mobility of
original«as in radial flow regime.

c. Theflevel of upper negative half slope straight line varies with
the gondensate sat[jraiion which Is dependent on the pressure
drop of the test. :

3. As the pressuge drops below thq aew point, the component composition
changes which the intermediate aﬁd.jheavy component drops out of the gas,
Hence, the mixture fluid become§ hé_avier and heavier while the gas phase
becomes leaner and leaner. Thé b—ﬁase behavior gradually changes from
gas condensate behavior to volatile oil behavior.

4. The effects of condensate drop out on pressure response is dependent on

a. Drawdown rate

. Initial Reservoir fluid
c. Drawdown duration
) .Probe size

e. Permeability anisotropy

f. Horizontal permeability

g. Initial reservoir pressure
5. Wireline formation test pressure response can be used to identify
condensate banking by PTA technique and also can be used to estimate
reservoir permeability with an acceptable value even when condensate

banking occurs.
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6.2 Recommendations

1. The relative permeability curves have an impact on the condensate
banking; therefore, the effects of relative permeability should be studied.

2. The spherical composite behavior is early time response. Therefore, the
effects of tool storage should further be studied.

3. There is no an analytical model of spherical composite behavior in the
interpretation software. A comprehensive study is needed to derive the
solution for interpretation of this kifid-of pressure response.

4. In this study,.onlya single layered reservoir is considered. Therefore, the
multilayer reservoirshould be investigated.

5. Only a single probe formétion tester was simulated in this report.
Therefore, the ngw formatior‘_nf"test tool, 1.e., dual packer or quicksilver
probe, should pe further studie"gj. “

6. In this study, enly the preséij_:[e,:responses from the simulation were
analyzed. Therefare, the actuale‘__WFT pressure data should be observed to
compare with this study: 2
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Additional Simulation Data Used.

APPENDIX A

Table Al: Time step used in the simulation.

At, day

t, day

t, hr

T1

0.00000000010

0.00000000010

0:00000000240

T2

0.00000000016

0.00000000026

0:00000000630

T3

0.00000000026

0:00000000053

0.00000001262

T4

0.00000000043

0.000000C0095

0.00000002288

T5

0.00000000069

0.00000000165

0.00000003954

T6

0.00000000113

0.00000000277

0.00000006658

T7

0.00000000183

0100000000460

0.00000011047

T8

0.0000000029%

0.00000000757

1'0.00000018171

T9

0.00000000482

0.00000001239

10.00000029735

T10

0.00000000782

0.00000002021

- 0.00000048504

T11

0.00000001269

9.00000003290

10,00000078970

T12

0.00000002060

0.00000605351

0.00000128420

T13

0.00000003344

0.00000008695

0.00000208686

T14

0.00000005428

0.00000014124

0.00000338969

T15

0.00000008811

0.00000022935

0.00000550439 |

T16

0.00000014302

0.00000037237

0.00000893638 -

T17

0.00000023214

0.00000060451

0.00001450834

T18

0.00000037681°

0.00000098132

0.00002355167

T19

0.00000061161

0:00000159293

0.00003823040

T20

0.00000099274

0.00000258568

0.00006205625

T21

0.00000161138

0.00000419705

0.00010072927

T22

0.00000261551

0:00000681257

0:.00016350457

T23

0.00000424538

0.00001205795

0.00026539070

T24

0.00000689091

0.00001794885

0.00043077249

125

0.00001118501

0.00002913386

0.00069921268

126

0.00001815500

0.00004728886

0.00113493257

T27

0.00002946836

0.00007675722

0.00184217325

128

0.00004783170

0.00012458892

0.00299013410

129

0.00007763824

0.00020222716

0.00485345186

T30

0.00012601885

0.00032824602

0.00787790436

T31

0.00020454806

0.00053279408

0.01278705789

T32

0.00033201310

0.00086480718

0.02075537228

112



At, day

t, day

t, hr

T33

0.00053890854

0.00140371572

0.03368917720

T34

0.00087473179

0.00227844751

0.05468274016

T35

0.00141982479

0.00369827230

0.08875853523

T36

0.00230459493

0.00600286723

0.14406881351

T37

0.00374071350

0.00974358073

0.23384593763

T38

0.00607175576

0.01581533649

0.37956807581

T39

0.00985539736

0.02567073385

0.61609761235

T40

0.01599593282

0.04166666667

1.00000000000

T41

0.00000000010

0.04166666677

1:00000000240

T42

0.00000000016

0.04166666693

1.00000000630

T43

0.00000000026

0:04166666719

1.00000001262

T44

0.00000000043

004166666762

1.00000002288

T45

0.00000000069

0.04166666831

1.00000003954

T46

0.00000000113

004166666944

1.00000006658

T47

0.00000000183

0:04166667127

1.00000011047

T48

0.00000000297

0.04166667424

+#1.00000018171

T49

0.00000000482

0.04466667906

1 1.00000029735

150

0.00000000782

0.04166668688

1.00000048504

T51

0.00000001269

0.04166669957

1,00000078970

T52

0.00000002060

0.04166672018

"Iﬂ;00000128420

T53

0.00000003344

0.04166675362

100000208686

154

0.00000005428

0.04166680790

1.00000338969

T55

0.00000008811

0.04166689602

1.00000550432

156

0.00000014302

0.04166703904

1.00000893688 _

T57

0.00000023214"

0.04166727118

1.00001450834

T58

0.00000037681

0.04166764799

1.00002355167

T59

0.00000061161

0:04166825960

1.00003823040

T60

0.00000099274

0.04166925234

1.00006205625

T61

0.00000£61138

0.04167086372

1.00010072927

162

0.00000261551

0.04167347923

1,00016350157

163

0.00000424538

0.04167772461

1:00026539070

T64

0:00000689091

0.04168461552

1.00043077249

165

0.00001118501

0.04169580053

1.00069921268

T66

0.00001815500

0.04171395552

1.00113493257

T67

0.00002946836

0.04174342389

1.00184217325

168

0.00004783170

0.04179125559

1.00299013410

T69

0.00007763824

0.04186889383

1.00485345186

T70

0.00012601885

0.04199491268

1.00787790436

171

0.00020454806

0.04219946075

1.01278705789

T72

0.00033201310

0.04253147384

1.02075537228
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At, day

t, day

t, hr

T73

0.00053890854

0.04307038238

1.03368917720

T74

0.00087473179

0.04394511417

1.05468274016

175

0.00141982479

0.04536493897

1.08875853523

T76

0.00230459493

0.04766953390

1.14406881351

T77

0.00374071350

0.05141024740

1.23384593763

T78

0.00607175576

0.05748200316

1.37956807581

179

0.00985539736

0.06733740051

1.61609761235

T80

0.01599593282
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Table A2: Grid size for large probe.

115

Radial direction

Theta direction

Vertical direction

grid | grid size (ft) | grid grid size (degree) grid grid size (ft)
1 0.0796 1 17.6029 1 1.6293
0.1050 2 8.5832 2 1.1150
3 0.1384 3 9.8907 3 0.7528
4 0.1825 4 11.3975 4 0.5082
5 0.2406 5 13/1838 5 0.3431
6 0.3172 6 15.1347 6 0.2317
7 0.4183 7 47.4403 7 0.1564
8 0.5515 8 20.0972 8 0.1056
9 0.7271 9 23.1589 9 0.0713
10 0.9587 10 26.6869 10 0.0481
11 1.2640 1 256753 11 0.07681
12 1.6665 12 25,6753 12 0.0481
13 2.1973 13 26,6869 13 0.0713
14 2.8971 14 23.1589 14 0.1056
15 3.8197 15 20/0972 15 0.1564
16 5.0362 16 17.4403 16 0.2317
17 6.6401 17 15.1347 17 0.3431
18 8.7548 18 13.1338 - 18 0.5082
19 11.5430.+ | 19 11.3975 19 0.7528
20 152191 | 20 9.8907 /20 1.1150
21 20.0661 | 21 8.5832 21 1.6293
22 26.4567 Sum 360.0000 Sum 10.0000
23 34.8825
24 459917
25 60.6390
26 79.9510
27 105.4135
28 138.9852
29 183.2487
30 241.6091
Sum | 1000.0000




Table A3: Grid size for extra-large probe.

Radial direction

Theta direction

Vertical direction

grid | gridsize (ft) | grid | grid size (degree) | grid | grid size (ft)
1 0.0796 1 27.0837 1 1.6086
2 0.1050 2 8.5832 2 1.1150
3 0.1384 3 9.8907 3 0.7528
4 0.1825 4 11,8975 4 0.5082
5 0.2406 5 13/1388 5 0.3431
6 0.3172 6 15.1347 6 0.2317
7 0.4183 7 17.4403 7 0.1564
8 0.5515 8 20.0972 8 0.1056
9 0.7271 9 23.1589 9 0.0713
10 0.9587 10 26,6869 10 0.0481
11 1.2640 1 4 2019849 11 0.11817
12 1.6665 12 20.9349 12 0.0481
13 2.1973 13 26.6869 13 0.0713
14 2.8971 14 231589/ 14 0.1056
15 3.8197 15 722010972 15 0.1564
16 5.0362 16 - 17.4403, 16 0.2317
17 6.6401 17 15.1347 17 0.3431
18 8.7548 18 13.1388 4~ 18 0.5082
19 115430~ | 19 11.3975 19 0.7528
20 1521915 /| 20 9.8907 20/ 1.1150
21 200661 | 21 8.5832 21 1.6086
22 26.4567 Sum 360.0000 Sum 10.0000
23 34,8825
24 459917
25 60.6390
26 79.9510
27 105.4135
28 138.9852
29 183.2487
30 241.6091
Sum | 1000.0000
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Table A4: Grid size to set standard probe at 3 ft below the middle of the formation.

Radial direction

Theta direction

Vertical direction

grid | gridsize (ft) | grid | grid size (degree) | grid | grid size (ft)
1 0.0796 1 7.4485 1 4.6515
2 0.1050 2 8.5832 2 1.1150
3 0.1384 3 9.8907 3 0.7528
4 0.1825 4 11.3975 4 0.5082
5 0.2406 5 13.1338 5 0.3431
6 0.3172 6 15.1347 6 0.2317
7 0.4183 7 17.4403 7 0.1564
8 0.5515 8 20.0972 8 0.1056
9 0.7271 9 23.1589 9 0.0713
10 0.9587 10 26.6869 10 0.0481
11 1.2640 11 30.7525 11 0.0325
12 1.6665 12 "30.7525 12 0.0481
13 2.1973 13 .. 26.6869 13 0.0713
14 2.8971 14 23.1589 14 0.1056
15 3.8197 N EREIN TR 15 0.1564
16 5.0362 16 [ 17.4408, 16 0.2317
17 6.6401 17 |feeaa5.13400h | 17 0.3431
18 8.7548 18 ~13.1338 - 18 0.5082
19 11,5430 ~ |49 |~ 113975  |wi9 , 05192
20 152191+ - 20 9.8007 20~ 0.0000
21 20.0661 | 21 8.5832 21 " 0.0000
22 26.4567 | Sum 360.0000 Sum | 10.0000
23 34.8825

24 45,9917

25 60.6390

26 79.9510

27 1654135

28 138.9852

29 183.2487

30 241.6091

Sum | 1000.0000
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APPENDIX B

Script Example Used in ECLIPSE Simulator.

RUNSPEC

TITLE
title

START
1'NOV' 2009 /

FIELD

MULTIN

RADIAL

;
o AUEINENTNEINS
wA RN TUUNINEA Y

FULLIMP

COMPS
11/

NOFREEZE



ISGAS

MONITOR

RSSPEC

NOINSPEC

MSGFILE
1/

EOS
yay)

SCFDIMS
533/

DIMENS
302121/

SCDPDIMS

000010/ ﬂuﬂ’aﬂﬂij U’Iﬂﬁ
<R AN T NN INYINY

1100

REGDIMS
110001/

TABDIMS

11505012020111111001/

119



120

WELLDIMS
2222510543011/

GRID

GRIDFILE
2/

ECHO

GRIDUNIT

-- Grid data units
'FEET' /

MAPAXES LYy

) i)

- Grid Axes wrt Map Coordinates

- ﬂﬂﬂ?ﬂﬂﬂﬁﬂﬂﬂfi

0

Ch NI ‘1&% HIAANHINY. ...

1.6665 2.1973 2.8971 3.8197 5.0362 6.6401 8.7548 11.543 15.2191 20.0661 26.4567
34.8825 45.9917 60.639 79.951 105.4135 138.9852 183.2487 241.6091
/

DTHETAV
7.4485 8.5832 9.8907 11.3975 13.1338 15.1347 17.4403 20.0972 23.1589 26.6869
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30.7525 30.7525 26.6869 23.1589 20.0972 17.4403 15.1347 13.1338 11.3975 9.8907
8.5832
/

Dzv
1.6515 1.115 0.7528 0.5082 0.3431 0.2317 0.1564 0.1056 0.0713 0.0481 0.0325
0.0481 0.0713 0.1056 0.1564 0.2317 0.3431 0.5082 0.7528 1.115 1.6515

l

INRAD

-- Inner Radius

0.25/
BOX

1 30

TOPS
630*8500
/ P EE——— v
ENDBOX (% ) Y]
CIRCLE /. |

e oI 111 T N EJ 1715
RN TUNAIING1AY

PERMRy,
13230*5

PERMTHT
13230*5



PERMZ
13230*1

PORO
13230*0.1

PROPS

ECHO

STCOND

-- Standard Conditions

ﬂUEI’WIEWl?WH']ﬂ’i

59.9999999999999

: ﬂmmmmum'mmaﬂ

NCOMPS

-- Number of Components

11

122
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CNAMES

-- Component Names
N2
'CO2'
c1'
co'
c3'
'‘NC4'
'NC5'
'PC1'
'PC2'
'PC3'
'PC4'

/

ECHO

PVTW

-- Water PVT Propertiesy .

- ﬂ‘LIEI’J‘VlEWﬁWEHﬂ’i

2000 3e-006 0. 42 1*

’ ammﬂsmumqwmaﬂ

DENSITY

-- Fluid Densities at Surface Conditions

40 63 0.001



ECHO

ROCK

-- Rock Properties

3550 4e-006

ECHO
Zl

-- Overall Composition
0.0158
0.0241 )

0.796 U7
0.0687 1]
0.0357

ngqugaﬂHW§WUqﬂﬁ

SRR TUNMINYINY

0.001235
2.6e-005

EOS

124



-- Equation of State (Reservoir EoS)

SRK

PARACHOR

-- Component Parachors
41
79.7
77
108
150.3
189.9
2315
326.044
516.904
769.015 )
1225.779 | A
/ |

B ﬂﬂﬂ’)'ﬂﬂﬂiﬂ&l'\ﬂ‘i
- B'“ﬂ"m AIMTRNTINGA Y

-0.055
0.028 0.0762
0.061 0.1405 O
0.107 0.1365 0 O
01 01 0 o0 O
0197 01365 0 O 0 O

125
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0169 01365 0 O O 0 O
00801365 0 O 0 O 0 O
001901365 0 O O O O O O
0101365 0 0 O O O O 0 O

OMEGAB

0.08664
0.08664
008664
008664
0.08664
0.08664
008664
008664
oosees  wall T L p
008664 L =3

it

0.08664 i) 1l

e U INENINEINS
-- EoS anegaflcﬁmcnenggaoﬂuqq ﬂ EII-] a El

0.42748
0.42748
0.42748
0.42748
0.42748
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0.42748
0.42748
0.42748
0.42748
0.42748
0.42748

[

O O O O O O O o o o o

AULINENINYINT
ARAINTUUMINGNEY

ZCRIT ¢

-- Critical Z-Factors (Reservoir E0S)
0.2907
0.2747
0.2875
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0.2838
0.2828
0.2729
0.2653
0.2685

0.256

0.1879
0.1403

0.0403
0.2376
0.0111
0.099
0.1499
0.1977
0.2498
0.3256

0592 ﬂ‘HEI’JVlEIﬂ?WEI’]ﬂ’i

0.773

ﬁaﬂmﬁﬂ‘imﬂﬁ’l?mﬂa&l

TCRIT

-- Critical Temperatures (Reservoir EoS)

227.2
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547.6
343

549.8
665.6
765.2
845.4
1005.2
1222.6
1411.5
1664.9

\
’\ \
v

-- Critical Pressures (R _ﬁ

A A\
_— i - Y
_ «"ﬁ

93 ' ﬁ"ﬂ

1071
666.7 \ i £
707.8 Y | Y]
615

548.8

= AUEINNINGING
qjmmmmumfmmaﬂ

iF

MW

-- Molecular Weights (Reservoir E0S)
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28.01
44,01
16.04
30.07
44.1
58.12
72.15
109.03
175.59
263.51
422.8

-- Initial Reservoir Tempera 'f‘:f_f_i_:ﬂ

251 N

/ S ——
y [

 AugInemineIns
AN N AN INENAY

1000  0.0158
0.0241
0.796
0.0687
0.0357

ECHO



0.0189
0.0088
0.026155
0.004584
0.001235
2.6e-005

ECHO

SWOF

-- Water/Condensate satugation Functions.

0.297
0.319026
0.341051
0.363077
0.385102
0.407128
0.429154
0.451179
0.473205

0.49523
0.517256
0.539282
0.561307
0.583333
0.605358
0.627384

0.64941
0.671435

0 03897

24

1.76e-005 /0769065 . 9.729116

0.000141
0.000476
0.001228
0.002203
0.003807
0.006045
0.009024
0.012849
0.017625
0.023459
0.030456
0.038722
0.048363
0.059484
0.072192
0.086592

0653913
0.55087
0.459264
0.378422
0.307671
0.246339
0.193752
0.149238
0:£12125
0.081739
0.057408
0.038459
0.024219
0.014016
0.007176
0.003027

4.323714

0.738872
0.280633
0.099699
0.032803
0.009874
0.002677
01000641
0.000132
2.25¢-005
3.04e-006
3.01e-007
1.96e-008
7e-010
0

131
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0.693461 0.102789 0.000897 0
0.715486 0.12089 0.000112 0
0.737512  0.141 0 0
1 1 0 0

SGOF

-- Gas/Condensate saturati

0
0.03515 7.63e-005
0.0703
0.10545
0.1406
0.17575
0.2109
0.24605
0.2812
0.31635
0.3515
0.38665 0.101489,0.003397664

0.4218 ﬂwwwmw 81N3

0.45695 0.167521

TR agwnwmaa

0.5624 0.31232 0
0.59755 0.374616 0 0
0.6327 0.44469 0 0
0.66785 0.522999 0 0
0.703 0.61 0 0
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SOLUTION
ECHO

EQUIL

SUMMARY
RUNSUM
EXCEL

BXMF
11111/
/

BXMF

2111 11 ﬂuHQﬂﬂﬂjwﬂﬂﬂﬁ
Wm'mmmum'mmaﬂ

3111

/

BXMF
4111 1/
/

BXMF
5111 1/




/

BYMF
1111 1/
/

BYMF
2111 1/
/

BYMF
3111 1/
/

BYMF
4111 1/
/

BYMF
5111 1/
/

BVMF
1111 1/
/

BVMF
2111 1/
/

BVMF
31111/

BVMF 4
41111/
/

BVMF
5111 1/
/

BGKR

ﬂUEI’WIEWl?WH']ﬂ’i

ARIAINTUNAITINYINY
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1111/
/
BGKR
2111/
/
BGKR
3111/
/
BGKR
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APPENDIX C

Composition Profile during Drawdown of Fluid A.
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Figure C1: Compositions profile during drawdown of Fluid A with 1 Mscf/d.
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Composition Profile during Build-up of Fluid A.
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151

0.520 c 7.000
0.510 5
% 0500 ‘\ ——=T40 =W-T46 B 6.000
o
5 0490 \ —A=T52  =>=T60 g 5000
‘gg-jgg \ —H=T70 —0—T80 S 4.000 —0=T40 —=T46
g 0470 %.j.=., T 3.000 % —h=T52  =H=T60
—_ . [}
3 0450 5 2.000 =He=T70 =0=T80
& 0440 / 8 1.000
0430 —( g -
0.420 = 0.000
0 0.2 04 06 08 0 0.2 0.4 0.6 0.8
Radius, ft Radius, ft
2.740
, 2720 —‘
& 2700 \
S 2680 \
S 2.660 \ ——T40 —@—T46
S 2640 A —-T52  ==T60
g 2620 —#=T70 =0=T80
& 2.600 ‘ \
= 2580 Z - 0.500 o — a—
2.560 e W C
0 0.4 0.6 08
Radius, ft
0.160
g 0:140
& 0120
2 0100
g oloso ——T40 —@=T46 |
s - —=T52  ==T60
£ 0060 -
pos —#=T70 —=0=T80
O 0.040 - f
$ .
0.020 e e e —— - \
0.000 — - —i il
0 0.4 0.6 0.8
Radius, ft
‘o o
5o
v 0.003 ¥ =00 L
£ ——T20 —w-Tas| § 0300
S 0,002 2 5o / \
5 ) v —4—T52 60| g WA \ _ T40 —M=—T46
- omng S| G AR
5 0001 OO ) \ 0 =0—T80
s O 0.100
X 0.001 S 0050 \
Q0.
0.000 = 0.000 — 0 O
0 0.2 04 06 08 0 0.2 0.4 0.6 0.8
Radius, ft Radius, ft

Figure C2: Compositions profile during build-up of Fluid A with 1 Mscf/d.(Continue)



152
APPENDIX D

Derivative Plot with an Analytical Model.
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Figure D42: Deriva : ire B45: Derivative plot with an
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analytical model for case A-1kz. analytical model for case A-5kz.

i HAPHNINE --f e R e

168 = | u /
: / 2 la Iy
% 1E+7 ; q I ‘: /
% i S 1647 [E -
8§ F N I
1E+6 é
1000%56 ! ”“::5_5 ! |||||1|||::4 ! |||||1|||E-3I 11 “I:_IM 11 |||||0A1 ! |||||||1 ! 185:155 L1 "“1':5.4 o "“;:5-3 L ""'(:01 1L "“;.1 o "'"'1
Time [hr] Time [hr]
Figure D43: Derivative plot with an Figure D46: Derivative plot with an

analytical model for case A-2.5kz. analytical model for case A-1k.



161

E T T 11T T 3 T T T TTTT T T T T T
168 [ 1647 [
= B T
5 ~ g
S 1E7 E ~ S 16
s g ~ = 3
] C g C
5 C H C
g g L
9 1E6 E 9 165 [
Q = \ O - \
1665 [ \\ 10000 [ \‘ —_—
10000 Il vl 1 " 1000 L—ttu
1E6 1E5 1E4 1E3 0.01 0.1 1 1E-6 1E5 1E4 1E3 0.01 01 1

Time [hr] Time [hr]

2

Figure DA7: Derivative 4% D50: Derivative plot with an
- ———

analytical model fy | . Qal model for case A-10k.

SERERERRLLL LY L AL LL R LS mrl,u,u T 3 LA I R0 N O 1) I 1111

| 4 -‘

1677 [

1E46 [

Gas potential [psi2/cp]

1645 [

10000 [£

1000

Time [hr]

Figure D48: Deriva fgy gure ‘.-.I. Derivative plot with an
analytical model for case A-5k. analytical model for case A-50k.

. mw m TaR1]
ﬁ 1E+6 E LI | | B i ; - 1
% 188 ; \\\ % 10000 ; \
i >~ E . )
e .01 01 1 mgsa 1E5 1E-4 1E~3Tlme [hr]o.oi 01 1
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Figure D55: Derivative plot with an Figure D58: Derivative plot with an

analytical model for case A-3460. analytical model for case A-2600.
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